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Abstract.
This thesis describes an experimental and computational study of overbased detergent 
oil additives, used to neutralise acidic by-products of engine combustion. Aspects of 
interest in this study include the experimental synthesis, physical and structural 
characterisation of a range of overbased detergents, the application of ab initio 
calculations and Molecular Dynamics simulations to overbased detergent particles and 
the investigation of the self-assembly of model overbased detergent particles by 
mesoscale simulation techniques.
Langmuir trough experiments and the first successful deposition of overbased 
detergents as multilayer Langmuir-Blodgett films have provided further evidence for 
overbased phenate particles being oblate spheroids. The combination of Magic Angle 
Spinning NMR and ab initio quantum mechanical calculations gave improved peak 
assignments and possible evidence for deprotonated hydroxy groups on the phenolic 
units of the surfactant molecules. This study and Molecular Dynamics simulations 
suggest that the core structures simultaneously have features consistent with both the 
calcite and aragonite phases of calcium carbonate. Furthermore, the ion arrangements 
in the core are sensitive to surfactant type with the core surface and surfactant positions 
being highly inter-dependent.
The first simulations of model calixarate particles suggest these particles can adopt both 
a prolate or oblate spheroidal shape, and the possibility of an intrinsic shape 
polydispersity. This could account for the poorly defined Langmuir IT vs. A curves 
obtained for this class of overbased detergent. Molecular Dynamics simulations of 
phenates and calixarates incorporating a stearate co-surfactant suggest that these 
particles are more spherical and uniformly covered by the organic species.
Parallels are drawn between the overbased detergent systems and microemulsions. 
Mesoscale simulations of three phase systems demonstrate the importance of surfactant 
geometry on micelle formation and self-assembly of the species. The microemulsion 
packing/structure rules have been reformulated to take into account the finite headgroup 
volume and verified by these simulations.
© C.A. Bearchell 1999.
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1.1: Introduction.
Most machines involve the relative sliding of moving components and hence there is a 
need to reduce friction between these surfaces to improve efficiency and device 
lifetime. This is often achieved by the use of lubricants such as oil or grease. The 
evolution of machines has led to increasingly more complicated design and the 
components have had to function under progressively more extreme conditions and 
greater burdens of efficiency are exacted to improve economic viability whilst 
satisfying ever increasing environmental legislative constraints. For this reason, greater 
onus is now placed upon the chemical formulation of the lubricants and improvements 
in this area are constantly sought.
Modem engines must function under wide extremes of temperature and pressure, which 
can lead to faster degradation and changing properties (e.g. viscosity) of lubricants. As 
the lubricant is degraded, increasing friction between the moving parts reduces engine 
efficiency and may ultimately cause damage to the machine. To maintain an effective 
lubricant film, which exhibits the desired properties over the range of temperature and 
pressures encountered, simple mineral oils need to be supplemented by various 
additives. Without these additives, the lubricant would soon oxidise and thicken, whilst 
acidic combustion by-products would build up and eventually attack the engine. This is 
a particular problem for marine engines, which run on diesel fuel with a high sulphur 
content, resulting in an increased level of acidic combustion by-products in the base oil. 
These acids attack the engine and can seriously reduce its working life.
The use of ‘additives’ allows improvements and enhanced functionality relative to the 
crude base oil lubricants. Modem lubricants contain additives that produce 
improvements in many aspects of the oil’s performance. Friction and wear are more 
effectively reduced, prolonging engine life and improving operational efficiency. 
Engines are protected against corrosion caused by chemical reaction with a wide variety 
of contaminants produced during engine operation and fuel combustion. Lubricants are 
able to prolong the life of engine seals, hence avoiding oil leakage and ground 
contamination. Carbonaceous by-products of combustion and oil degradation are held 
in suspension by additives, keeping the engine clean. Apart from their intended 
function many of the additives have been found to perform several beneficial functions.
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1.2: Oil Additive Types.
1.2.1: Development of Lubricant Additives.
Before 1932 crankcase lubricants consisted of only the base oil with no additives to 
supplement lubrication properties. Frequent oil changes were required to ensure 
effective lubrication. As engine design became more sophisticated, this imposed a 
greater strain on the lubricants in use. To meet these more rigorous requirements, 
additives were mixed in with crankcase oils. Figure 1.1 shows the development of the 
additives used in lubricants [1].
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Figure 1.1: Major developments in lubricant additives since 1932 [1].
The focus of this thesis is a study of the overbased detergent additives, the generic name 
for the detergent sulphonates, salicylates and phenates shown in Figure 1.1. This type 
of oil additive was first introduced into lubricants in the early 1940s and comprises 
between 25-35% of the additives used in these oils [1]. These additives neutralise 
acidic combustion by-products, whilst providing a conventional detergent action, thus 
maintaining engine cleanliness. To place the use of overbased detergents in a more 
general context, this section gives an account of the various additives, their uses and 
their properties.
1.2.2: Dispersants.
Dispersants are added to crankcase lubricants to prevent the deposition of contaminants 
and solubilise sludge and carbon deposits [1,2]. They are composed of a polar 
headgroup (non-ionic) and a hydrocarbon tail that are thought to form reverse micelles 
around the deposit precursors, trapping unwanted contaminants in suspension. This 
mode of action is shown schematically in Figure 1.2. The dispersants are called ashless, 
because they leave no metal ‘ash’ on combustion. They are typically made out of 
succinimides, succinic esters and Mannich bases.
Dispersed 
‘Sludge’ Particle.
‘Sludge’ Particle.
Various 
Dispersants in 
solution.
Figure 1.2: Mode of action of the dispersant class of oil additives.
1.2.3: Oxidation Inhibitors.
Oxidation inhibitors are added to disrupt the propagation of oxidation chain reactions 
taking place in the oil at high operating temperatures, which otherwise cause varnish, 
sludge and corrosive compounds from the oxidation of the base oil [1,2]. Figure 1.3 
shows a generic oxidation chain reaction.
Initiation:
RH
Propagation:
R + 0 2 
ROO + R'H 
ROOH 
R"H
Termination:
R ' + R " 
R' + ROO
R + H 
ROO’
ROOH + R ' 
RO + HO 
R ” ’ + H20
R '-R "
ROOR'
Peroxy Radical 
Hydroperoxide
Peroxide
Figure 1.3: A generic oxidation chain reaction occurring in the engine oil. R is an alkyl group.
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Oxidation inhibitors function as either peroxide decomposers or free radical traps, 
which disrupt the propagation step of the oxidation chain reaction. Typical anti­
oxidants are zinc dialkyldithiophosphates (ZDTP), aromatic amines, hindered phenols 
and sulphurised products.
1.2.4: Extreme Pressure Antiwear Agents and Friction Modifiers.
Both extreme pressure antiwear agents and friction modifiers are additives that promote 
lubrication, reduce wear and minimise friction between metal surfaces by keeping the 
surfaces apart [1,2]. A multimolecular film is built up on the surface to be protected, 
which reduces friction and stops metal-to-metal contact which would otherwise cause 
wear. This process is illustrated in Figure 1.4.
Oxide Layer
Surfaces separated by 
film thus reducing 
wear and friction.
Metal Component
Metal Component
Multimolecular Film-
Figure 1.4: Mode of action of extreme pressure antiwear agents and friction modifiers. This figure 
shows two metal bearings coated with lubricant film to prevent damaging metal-metal contact.
Extreme pressure antiwear additives are characteristically ZDTP, organic phosphates 
and tricrecyl phosphates [1,2]. Friction modifiers are long chain polar compounds such 
as sulphurised fatty acids [1,2].
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1.2.5: Rust Inhibitors.
Rust inhibitors prevent the oxidation of metal surfaces by the formation of a surface 
film or neutralisation of acids [1,2]. Rust inhibiting additives include highly basic 
components, sulphonates, phosphates, organic acids or esters and amines.
1.2.6: Viscosity Index Improvers.
The viscosity index (VI) measures the temperature sensitivity of the oil viscosity, with a 
high value corresponding to a small change in viscosity with temperature [1,2]. The 
viscosity index improvers are additives that maintain a sufficiently high viscosity at 
high temperature. A high viscosity is required to maintain a good coating of the engine 
parts. The VI improver ‘uncoils’ with increasing temperature; partially correcting for 
the decrease in viscosity of the base oils (the lubricant film thickness increases with 
viscosity). This reduces fuel and oil consumption. VI improvers are typically 
polyisobutene, methacrylate, acrylate polymers and olefin copolymers. These 
compounds exist as compact coils at low temperature, which unravel to a certain extent 
at higher temperatures giving greater overlap of the chains and thereby increasing the 
viscosity. This process is illustrated schematically in Figure 1.5.
Low temperature conformation.
High temperature conformation.
Figure 1.5: Low and high temperature conformations of an arbitrary viscosity index improver. As the 
temperature increases, the polymer coils open out and the enhanced overlap causes an increases in the 
viscosity.
6
1.2.7: Metal Deactivators.
Metal deactivators are additives that reduce the surface activity of metals in an engine 
[1,2]. They create a surface film which prevents the catalysis of oil oxidation by the 
metal. Extreme pressure antiwear and friction modifying additives, such as ZDTP, 
metal phenates and organic nitrogen compounds also function as metal deactivators to a 
certain extent.
1.2.8: Pour Point Depressants.
The pour point is the temperature at which oils ‘freeze’ due to networks of interlocking 
waxes. Pour point depressants are used to lower this ‘freezing’ point, allowing free 
flowing oils at low temperatures and improved cold starting. The additive inhibits the 
formation of these large interlocking crystal networks of wax, by holding waxes present 
in the base oil in suspension. Low molecular weight methacrylate polymers are 
employed as pour point depressants.
1.2.9: Overbased Detergents.
Overbased detergents are used in automobile and marine engine oils to improve the 
performance of the lubricant base oils [1-3]. In a marine engine less refined diesel fuel 
is used to lower the running costs. The diesel fuel has a high sulphur content (typically 
5%) that results in the formation of highly corrosive sulphur acids from the combustion 
process. This process is show schematically in Figure 1.6.
Fuel + Oxygen --------------------------►  Carbon Dioxide + Water + S02(g)
2S02(g) + 0 2(g)  ►  2S03(g)
S03(g) + H20(1)  ►  H2S04(1)
Figure 1.6: The combustion process and the subsequent formation of sulphuric acid.
Other organic acids are also formed in the engine by oxidation of the base oil. The base 
oil itself is a mixture of paraffinic, aromatic and napthanic compounds along with 
contaminant compounds containing sulphur and nitrogen. These impurities lead to the 
corrosion of the metallic parts of the engine and a reduction in its efficiency and 
lifetime. Overbased detergents are used in the base oil to neutralise acidic by-products 
of the fuel combustion process and from the oxidation of the base oil. They are also
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thought to provide a detergency function by solubilising deposits and impurities, 
thereby maintaining engine cleanliness. In certain marine engines small quantities of 
the lubricant containing a large amount of the overbased detergent are introduced into 
the combustion chamber to neutralise at source the acids formed by combustion. To 
achieve the neutralisation of acids and to allow the solubilisation of impurities, lubricant 
detergents have two main structural features, namely these can act as a source of 
inorganic base, and a metal surfactant salt. Lubricant detergent additives that only 
include the metal salt surfactants are referred to as neutral detergents, whilst those with 
a store of inorganic base are called overbased detergents. The latter are so-named since 
they contain more moles of base than of acid.
This thesis is exclusively concerned with overbased detergent additives. An appraisal 
of the properties of this class of lubricant oil additives is given in the next section.
1.3: Overbased Detergents.
1.3.1: Detergent Types.
A range of different surfactants is employed in the manufacture of overbased detergents. 
The most common surfactants include alkyl sulphonates, sulphurised alkyl phenates 
(SAP), salicylates and phosphates. The strength of an overbased detergent is measured 
by its total base number TBN, which is a measure of its basicity in units of the 
equivalent mg of KOH acid neutralising ability per g of the additive. Table 1.1 shows 
the conventional detergent types and the typical TBN ranges that they achieve. Figure 
1.7 gives the chemical structures of the surfactants.
Sulphonate Phenate Salicylate Phosphonate
Approximate commercial 
TBN range /mg KOH g"1
0-500 0 -3 0 0 0 -3 0 0 0 -8 0
Table 1.1: The approximate level of overbasing of conventional overbased detergent systems [3].
a) b) c)
R1
i R11 R1i R11h) f l l rS AV V T Y1 -
0
1 -
0
1 II
OH O
d)
R1 
ScJ
I _
O
R1
U O
I _
o
Figure 1.8: Surfactants used in overbased detergents, a) Alkyl sulphonate, b) sulphurised alkyl phenol 
(SAP), c) alkyl salicylate and d) phosphonate. Rlis a long chain alkyl tail group.
The low TBN values for the phenate and salicylate products have been improved by the 
addition of stearic acid as a co-surfactant. This enables the phenate and salicylate 
products to reach TBN values of 400 mg KOH g '1 [3].
The manufacture of overbased detergents has been performed with several different 
inorganic bases as well as different surfactants. The most common inorganic salt used 
to overbase the surfactants is calcium carbonate. Other inorganic bases include 
carbonates of magnesium, barium, sodium, potassium and zinc.
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1.3.2 Overbased Detergent Synthesis.
Neutral detergents are formed by a simple acid base reaction between the surfactant and 
an inorganic base. This forms a neutral detergent, which exists as reverse micellar 
aggregates in a hydrocarbon medium. This process is shown as a generic reaction in 
reaction scheme 1.1.
2R-H + M(OH)2 -------------------►  R-M-R + 2H20
Reaction Scheme 1.1: The acid base reaction used in the formation of neutral detergents. M is typically 
calcium, but may also be calcium, barium, sodium, potassium and zinc.
Overbased detergents are manufactured in a similar way to neutral detergents. 
However, a stoichiometric excess of the inorganic base is used so that the final product 
has more basic units than acidic units (e.g. surfactant headgroups). Commonly, the 
overbasing process is performed while CO2 is bubbled through the reaction mixture. 
This technique, known as ‘carbonation’, converts the excess inorganic base into the 
corresponding metal carbonate in situ. The metal salt is then stabilised in the 
hydrocarbon medium by the neutral detergents. This results in a source of oil soluble 
carbonate, which may be subsequently dispersed in the engine lubricant. The 
carbonation reaction is detailed in reaction scheme 1.2.
(n-l)C02
2R-H + nM(OH)2-------------------►  R-M-R(MC03)n.1 + (n+l)H20
Reaction Scheme 1.2: The carbonation process used in the manufacture of overbased detergents. R is 
the remainder of the surfactant (see Figure 1.8).
1.3.3: Overbased Detergent Structure.
Transmission Electron Microscopy (TEM) has provided direct evidence for a reverse 
micellar structure for the overbased detergents, composed of a mineral core and a 
stabilising surfactant shell [4-7]. Small Angle Neutron Scattering (SANS) experiments 
support this, where the experimental data can be successfully interpreted by using a 
concentric spheres model for the structure [8-10]. Molecular Dynamics simulations for
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overbased detergent particles also support this model [11,12]. Extended X-ray 
Absorption Fine Structure spectroscopy (EXAFS) has also been used to show that the 
mineral core of the reverse micelles is possibly amorphous [6,7,13]. A schematic 
diagram of the structure of the particles formed in the manufacture of overbased 
detergents is shown in Figure 1.9.
Sulphonate Surfactant (with 
an arbitrary alkyl tail)
Stabilising Surfactant Shell
Amorphous Mineral Core
Figure 1.9: Schematic diagram of the reverse micellar structure of overbased detergent particles.
1.3.4: Sulphonates.
Overbased sulphonates are the most widely used class of detergent additives and have 
been extensively studied [3]. The sulphonates provide the highest level of overbasing 
available to this class of additives, up to 500 mg KOH g"1. Neutral and overbased 
sulphonates were originally derived from the by-products of white oil manufacture. 
Sulphonation was used to remove the aromatic components of base oils, producing 
white oil and a sulphonic acid mixture. The acid by-products were then neutralised and 
the resulting salts separated into oil soluble and water-soluble fractions. The oil soluble 
fraction contained the neutral sulphonates. More recently, a synthetic route has been 
used to produce the alkyl sulphonic acids. Alkylbenzenes are sulphonated to form the 
appropriate alkyl sulphonates. The alkyl benzenes typically have branched chain tail 
groups and linear tail groups of an average chain length in excess of Cl 8.
The generic synthesis scheme for the formation of overbased sulphonates is shown in 
Reaction Scheme 1.3.
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(n-l)C02
2RS03-H + nM(OH)2  -------------------------►  RS03-M-RS03(MC03)n4 + (n+l)H20
Reaction Scheme 1.3: Overbased sulphonate production. The R group represents either branched or 
straight chain alkyl benzenes of an average length of Cl 8.
Particle sizing experiments employing TEM [4-6] and SANS [8-10] give particle radii 
in the range 3-10 nm, of which the stabilising shell thickness is on average ~2 nm. This 
gives a large range of core radii of between 1-8 nm. Differences in the micellar 
dimensions may be attributed to variations in the synthesis procedure or in the structure 
of the surfactants. MD simulation [12] and TEM studies on straight and branched chain 
tail groups show that these reverse micelles are spherical, with an amorphous core 
suggested by EXAFS [13]. The particles proved to be stable on separation from the 
lubricant base oil, suggesting the alkylaryl sulphonyl surfactant groups are strongly 
bound to the mineral core.
1.3.5: Phenates.
Phenates are formed by a similar process to that of the overbased sulphonate detergents, 
with sulphurised alkyl phenols (SAP) replacing the alkyl sulphonic acid [3]. The SAP 
is formed from the sulphurisation of alkyl phenol using sulphur halides or sulphur, with 
the resultant surfactant probably being a mixture of two or more alkyl phenol units 
bridged by one or more sulphur atoms. The overbased detergent may be formed in 
either a ‘one’ or ‘two’ pot reaction. In the one pot reaction the SAP is produced in situ 
as the carbonation process proceeds. In the two-pot reaction, the neutral SAP is formed 
as the surfactant, and this is then used to form the overbased product by the addition of 
an inorganic base followed by carbonation. Reaction Schemes 1.4 a) and b) show these 
two synthesis procedures.
The maximum level of overbasing for a system using SAP as the only surfactant is 
relatively low, with values of ~300 mg KOH g'1 being typical. To improve the TBN 
values of this class of detergents, the SAP is often used in conjunction with another 
surfactant, such as alkylbenzene sulphonates, or with a co-surfactant such as stearic 
acid. This allows increased TBN values of ca. 400 mg KOH g’1 to be achieved.
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a)
(n-l)C 02
2R-H + S + nM(OH)2 --------------------------- ►  RSR-M (MCC^)^ + (n+l)H20
b)
S
2R-H-------------------►  HR-S-RH
(n-l)C02
H-RSR-H + nM(OH)2 --------------------------- ►  RSR-M(MC03)n.1 + (n+l)H20
Reaction Scheme 1.4: a) One pot synthesis of overbased phenates. b) Two-pot synthesis of overbased 
phenates. The R group represents an alkyl phenate, with a straight or branched chain tail of length ~C12.
Figure 1.5: Top (left) and side (right) views of a simulated phenate micelle generated by molecular 
dynamics computer simulations (see Chapter 5), demonstrating the disc-like structure of the micelle [11]. 
The mineral core is depicted using a space-filled atoms, whilst the surfactant molecules are represented 
by ball and stick structures.
Experimental work on the overbased SAP systems without a co-surfactant have given 
particle radii from Langmuir trough experiments in the range 1.24-1.57 nm [14,15], 
depending on the level of overbasing, while overbased SAP utilising stearic acid as a 
co-surfactant give particle radii of the order of ~2 nm [16]. MD simulations on
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individual overbased SAP reverse micelles suggest that rather than the spherical 
distribution of surfactants around a mineral core, as observed for sulphonate products, 
the phenate surfactants are distributed in a band around the ‘equator’ of the mineral 
core. This gives the disc-shaped reverse micellar particle shown in Figure 1.5 [11].
1.3.6: Salicylates.
The neutral and overbased salicylate detergent systems are made from surfactants 
comprising of metal salts of alkyl salicylic acid. As for the phenates and sulphonates, 
the surfactant tail may be composed of branched or straight chain alkyl groups. 
Overbased products using only the salicylate as a surfactant have a fairly limited 
maximum TBN similar to the phenates. This value (-300 mg KOH g '1) may also be 
enhanced by the addition of stearic acid as a co-surfactant, allowing the level of 
overbasing to reach values of -400 mg KOH g'1. MD simulations of individual 
micelles of overbased salicylates suggest that the surfactants are arranged in a roughly 
spherical distribution around the mineral core [17], similar to the sulphonate products.
1.3.7: Phosphonates.
The phosphonate surfactant is manufactured by the reaction of phosphorous 
pentasulphide with polyisobutene, as shown in Reaction Scheme 1.5.
The neutral phosphonate detergent is manufactured using barium since the calcium salts 
exhibit low oil solubility. Overbased phosphonates are only able to incorporate a 
relatively small amount of inorganic base, reflected by low TBN values of typically -80 
mg KOH g 1.
I _ I -
- n polyisobutene (PIB) = R O O
Reaction Scheme 1.5: Synthesis of phosphonate surfactant.
1.3.8: Calixarates.
Calixarates are a new type of overbased detergent based on calixarenes, a class of 
compound synthesised from the reaction between phenols and aldehydes [18]. Phenol-
formaldehyde chemistry began in 1872 with Adolph von Baeyer [19-21], but the means 
of characterising and assigning the structure of calixarenes was not available until the 
1940s. Zinke and Ziegler assigned cyclic tetrameric structures to the base-induced 
condensation of para substituted phenols with formaldehyde [22,23]. The term 
‘calixarenes’ was coined by Gutsche in 1975 [24], and refers to the ‘vase’ conformation 
adopted by many of these macrocycles (a calix krater is a Greek vase shown in Figure 
1.6). The nomenclature ‘calix[njarene’ refers to the number of phenolic units which 
make up the macrocyclic structure. For example, Figure 1.7 shows the generic structure 
of the calix[4]arenes, calix[6]arenes and the calix[8]arenes, where the R group is para 
to the hydroxyl group (compounds where R=H are simply known as calix[n]arenes). 
During the 1970s, the work of Gutsche and co-workers provided an efficient large-scale 
synthetic route to p-tert-butylcalix[n]arenes [25-27], paving the way for a rapidly 
increasing commercial interest in these compounds during the 1990s.
R R R R
OR’ OR’OR’ OR’
Figure 1.6: A generic tetrameric calixarene shown alongside a Calyx Krater, demonstrating the similarity 
in the shape of the molecule to the Greek vase.
The bowl-like structure of the calixarenes makes them an attractive class of compound 
for the study of metal complexation [28,29]. However, the first report of transition 
metal complexes was as recent as 1985 and the study of host-guest calixarene chemistry 
is now a fertile area of research [30]. Calixarenes function as effective ion carriers, act 
as sensors for analytical purposes and have been used to model in vivo reactions of 
enzymes. Calixarenes have also proven to be exceptionally selective ligands for Cs+, 
making them very useful in the recovery of 137Cs found in nuclear waste. Another
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interesting property is the ability of calixarenes to act as hosts for organic molecules. 
C6o has successfully formed host-guest complexes with calix[8]arenes [31,32].
a) R b) R
OR’ ^  
OR’ OR’
OR’ OR’ 
OR’
R
OR’ 
OR’ OR’- 
OR’
R
R
R
OR’
OR’ OR’
c) OR’ OR’
OR’OR’ OR’
Figure 1.7: The generic structure of the calix[4]arenes, calix[6]arenes and calix[8]arenes.
The calixarene molecules possess many features that make them interesting and highly 
selective ligands. Calixarenes have two ‘ends’ or rims that can be separately modified 
for specific purposes. The cavity (inside the ‘vase’ structure) can be selectively altered 
in size by changing the number of phenolic units in the calix[n]arenes {i.e. changing n). 
Combining these two features allows the development of ligands that can be designed to
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accommodate a specific guest ion or molecule. The wide scope for functionalising 
calixarenes has conferred a wide range of potential and actual applications to this class 
of molecules. The ability to complex metal ions at one rim, while functionalising the 
other with long alkyl chains presents the opportunity to use these molecules as 
surfactants. This has recently been exploited in the manufacture of overbased 
detergents [33] and is the main aim of this thesis.
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1.4: Nanoparticles.
‘Nanoparticle’, ‘nanoscaled’ and ‘nanosized’ are expressions that have become more 
common in the 1990s. Particles that have diameters below ~20 nm are termed 
nanoparticles, while concepts that apply to these particles are said to be nanoscaled or 
nanosized. The diameter of overbased detergent particles are typically in the range 2 - 
20 nm and as such, they fit squarely into the definition of nanoparticles.
Nanoscaled particles have sizes that fit between the molecular and bulk solid-state 
structures. This leads to hybrid behaviour and physical properties that are often still 
poorly understood. Properties that are effected by the nanoscale include: a lower 
melting temperature, higher solid-solid phase transition pressures, decreased 
ferroelectric transition temperatures, decreased self-diffusion coefficients, changed 
physical properties and enhanced catalytic properties [34].
Nanoparticles have found or have potential application in many emerging technological 
areas. In the area of microelectronics and optoelectronics, nanoparticles can be used as 
so-called ‘quantum dots’. When electrons are confined to a small domain (e.g. inside 
nanoparticles), quantum confinement causes the electrons to behave as text book 
‘particles-in-a-box’. This gives rise to new energy levels compared to the bulk material, 
which can be exploited by optoelectronics to form light emitters of various colours 
dependant on the size of the nanoparticles. Dispersed nanoparticles of CdS, CdSe, 
GaAs and Si are considered to have applications as optical switches and non-linear 
optical materials [35], which exhibit changing refractive indices with the application of 
electric fields [36] that can be used in optical fibres [34]. This may then enable faster 
electro-optical switching compared to electronic switching. Other applications in this 
field include optical memories with a much higher data density than current electronic 
devices and reduced electronic component sizes that exhibit faster switching [34]. 
Nanoscale materials may also be used as gas sensors. A gas sensor is a device that 
detects changes in measurable physical properties in the presence of a gas and converts 
this into a measurable electric signal. Porous blocks of nanoscaled Sn02 particles 
exhibit a greater sensitivity to gasses compared to blocks of Sn0 2  composed of micron 
sized grains. The electrical resistivity of a material can also be modified by the size of 
its constituent particles. Quantum tunnelling at the nanoscale affects electrical
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resistance. This opens the way for the manufacture of resistors with properties 
governed by particle size.
The examples already cited are a few of the many known and potential applications of 
nanoparticles. Other areas encompass luminescent crystalline materials, conducting 
films, capacitive materials, high temperature superconductors (HTS), thermoelectric 
materials, optical materials and magnetic materials [34]. The diverse and interesting 
applications of nanoparticles should include the overbased detergent particles. Study of 
this class of nanoscaled materials could lead to alternative applications in some or all of 
the fields mentioned. In addition, an understanding of other classes of nanoparticles 
should provide insights into the properties and other potential applications of overbased 
detergents.
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1.5: Aims of Research.
1.5.1: Introduction.
Although a considerable body of work has been carried out on overbased detergent 
systems, several key areas are still not well understood. Little is known of the mineral 
core structure other than it is probably amorphous and contains metal and carbonate 
ions. The actual process of core growth is poorly understood and the effect of the 
surfactant structure and the relative ratios of the starting materials on the mineral core 
are unclear. In particular, no theory has been developed that links the surfactant 
structure to the size of the particles and the TBN or basicity of the final product. The 
size of these particles and the fact that they are amorphous make it very difficult to 
study the atomistic detail of the individual reverse micelles. Consequently, the chemical 
nature and the mode of action of these nanocolloids are ill defined, although Molecular 
Dynamics simulations carried out at the atomistic scale are beginning to make useful 
contributions in this area [11,12]. This technique allows us to visualise and study 
aspects of the structure of a micelle otherwise inaccessible to experimental techniques. 
For example, although TEM and SANS confirm the existence of a reverse micellar 
structure consisting of a mineral core and a stabilising organic shell, these techniques do 
not allow a thorough inspection of the disposition of the surfactants around the micelle 
or the overall shape of the micelles formed. In particular, due to their recent 
introduction, little is known about the calixarate class of overbased detergents and the 
effect the large macrocyclic calixarene surfactants have on their structure.
Clearly there is still much to learn about overbased detergent systems, the study of these 
should benefit from the increasing awareness of the importance of nanoparticles and 
nanocolloids in general and the development of useful techniques to characterise their 
structure and properties. Some of the points already mentioned are addressed in the 
subsequent chapters, with a more detailed description outlined below. Particular points 
of interest are the effect of the surfactant architecture on the size and structure of the 
overbased detergent particles. The effect of the system component ratios on the size of 
the micelles and the mode of micelle formation is also of considerable commercial 
interest. Overbased detergents utilising calixarates as the surfactant are studied with the 
aim of comparing their characteristics with previously studied overbased detergent 
systems.
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1.5.2: Calixarates.
The calixarates are a new class of commercial overbased detergent and consequently 
little is still known about their properties. In part, Chapter 2 deals with the synthesis of 
a model calixarate system without the use of stearic acid as a co-surfactant, which 
enables a relatively unambiguous appraisal of the calixarates as surfactants. A range of 
these detergents was synthesised and physical measurements made to identify the 
species present in the product and to characterise the size of the individual particles. A 
further calixarate product, including the stearic acid co-surfactant, was also made for 
comparison.
1.5.3: Two-Stage Phenate Synthesis.
A model phenate similar to those found in references 14 and 15 was made. The earlier 
products prepared by this group were synthesised via ‘one pot’ reactions. Chapter 2 
describes the product from a two-stage synthesis procedure. Measurements to identify 
the chemical composition and the physical properties of the phenate product were also 
made and described in Chapter 2.
1.5.4: Commercial Overbased Detergents.
Two commercial overbased detergents, a phenate and a salicylate both utilising stearic 
acid as a co-surfactant, were also studied. These were analysed in the same way as the 
synthesised calixarate and phenate products. The aim of this was to compare the 
properties of the commercial detergents with those of the model detergents.
1.5.5: Molecular Dynamics Simulations of Individual Micelles.
Chapters 3, 4 and 5 deal with the development, validation and results of MD 
simulations performed on the individual micelles of various overbased detergent 
systems. Chapter 3 reports the results of ab initio quantum mechanical calculations 
used to characterise the individual surfactant headgroups. Chapter 4 describes the 
forcefield used to model the individual micelles, validated to a certain extent by its 
application to simpler molecular systems. Chapter 5 deals with the results of Molecular 
Dynamics simulations on various overbased detergent systems. By using data from 
Chapter 2 on the composition and size of the particles present in the synthesised 
overbased detergents and further data from Chapter 3 concerning the surfactant charge 
distribution, it was possible to construct molecular models of the reverse micelles with 
realistic component compositions. The Molecular Dynamics technique has already
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been used to characterise sulphonates and phenates on atomistic time and length scales 
[11,12].
1.5.6: Mesoscale Simulations of Micellar Self Assembly.
Although much work has been performed on the characterisation of specific overbased 
detergent particles by experimental and simulation techniques, little has been done to 
study the general principles governing the self-assembly of these particles into reverse 
micelles and the factors governing the size and shape of these micelles. This is relevant 
to the manufacturing of these products since maximising the level of overbasing for a 
given system can lead to commercial advantage as the cheapest component of these 
systems is the mineral core. Hence, increasing the ratio of inorganic base to surfactant 
allows a more cost-effective product. Chapter 6  attempts to answer some of these issues 
by the use of mesoscale MD simulations. This technique employs a greatly simplified 
model to describe three basic components of the overbasing procedure: the organic, 
inorganic and amphiphilic components. The simple mesoscale model allows access to 
the time and distance scales required for the self-assembly of these structures, which are 
not possible when using a fully atomistic treatment with a detailed atomistic forcefield. 
Owing to computational limitations it is currently not feasible to simulate by MD more 
than one or two overbased detergent particles in a discrete molecular-level description 
of the solvent. The mesoscale simulations can potentially provide information on the 
self-assembly of many overbased micelles and the physical properties (e.g. viscosity) of 
this mixture, using present day computer power. Chapter 7 uses the conclusions from 
Chapter 6  to make some general statements about overbased detergents.
1.5.7: Conclusions.
Chapter 8  summarises the conclusions from the previous chapters and highlights some 
further areas of research that might be pursued.
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2.1: Introduction.
This chapter outlines the preparation and characterisation of specific overbased 
detergents, beginning with the general procedure for the synthesis of these systems and 
then describing the conditions and amounts of reactants for each compound 
manufactured in this study. A range of surfactants was considered in an attempt to 
compare their effect on micelle size, shape and total basicity. Particular attention was 
paid to a new class of overbased detergents made using alkyl calixarenes (the generic 
structure is given in Figure 2.1) as the precursor of the surfactant used in stabilising the 
reverse micellar particles. Of the calixarates, two types of sample were prepared; a 
mixed calixarene/stearic acid sample akin to the commercial calixarate product and a 
model overbased calixarate system using only the calixarene as the precursor to the 
surfactant.
OH
R1
Figure 2.1: Generic alkyl calixarene structure. R1 is a long chain aliphatic tail and n takes typical values 
of 4-12.
The chapter then continues to report the characterisation of the products by several 
interfacial techniques. Langmuir trough studies of dispersions of the active component 
of the additive allow an assessment of the size of the particles, the interaction between 
particles and the contact angle between the particles and water. The preparation of 
Langmuir-Blodgett films and the subsequent analysis of these nano-particles using 
ellipsometry provides an alternative means of assessing the size of the species present in 
overbased detergents. The spectroscopic technique of Magic Angle Spinning NMR 
(MASNMR) is then described and the results for each of the samples that were studied 
are presented.
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2.2: Synthesis of Overbased Detergents.
2.2.1: General Method of Detergent Manufacture.
The synthesis of overbased detergents is usually achieved via a multiphase 
(solid/liquid/gas) ‘one-pot’ reaction [1,2]. Typically a metallic salt is converted to its 
carbonate by bubbling CO2 into a mixture of surfactant, polar solvents and a-polar 
solvents (including lubricating oil). The nano-colloidal particle is produced in situ and 
unwanted light solvents are stripped off after the carbonation reaction is finished. A 
generic reaction scheme for this process is presented in Figure 2.2.
Solvent
CO (g) + MSalt(s) Surfactant > Nano-colloidal Stripping Overbased Detergent 
Polar Solvents Carbonate. Product in Oil.
Organic Solvents
Figure 2.2: Generalised reaction scheme for the manufacture of overbased detergents. Msalt is a metal 
salt, typically Ca(OH)2.
A variety of metal salts have been used in the past: Ca(OH)2 [1,3-6], CaC>2 [7,8] and 
Mg, Ca, Sr and Ba Methylates [9,10]. A number of different surfactants have also been 
used in the manufacture of overbased detergents, including, sulphurised alkyl phenates, 
alkyl sulphonates, alkyl salicylates, alkyl phosphonates [1 1 ] and alkyl calixarates [1 2 ].
2.2.2: Laboratory Synthesis of Sulphurised Alkyl Phenate Detergent.
The synthesis procedure for alkyl phenate overbased detergents has been described 
elsewhere [6,13] as a ‘one-pot’ reaction in which alkyl phenol and sulphur are pre­
reacted before being overbased in a single reaction vessel. Here the sulphurised alkyl 
phenol was made prior to the reaction and used as the surfactant in the general reaction 
scheme given in Figure 2.2. The synthesis was undertaken for comparison with results 
from the previous studies. Details of the quantities of the starting materials are given in 
Table 2.1.
The synthesis procedure was as follows,
1. A reaction vessel was prepared containing Ca(OH)2, sulphurised alkyl phenol (SAP), 
calcium acetate, 2-ethyl-hexanol and lubricating oil, in amounts given in Table 2.1.
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2. The reaction mixture was heated to a temperature of 145 °C at a pressure of 700 mm 
Hg to assist in the removal of water liberated as the SAP reacted with calcium 
hydroxide. The reaction was slightly exothermic as the surfactant reacted with the 
Ca(OH)2.
3. The reaction was further heated from 145 °C to 165 °C at 700 mm Hg while mono­
ethylene glycol (MEG) was added via a pressure equalising dropping funnel.
4. The temperature was maintained at 165 °C and 700 mm Hg for one hour.
5. At 165 °C and atmospheric pressure, C 0 2 was bubbled through the reaction mixture.
6 . The temperature was further increased to 245 °C and pressure reduced to 700 mm Hg 
for 30 minutes.
7. The pressure was reduced to 10 mm Hg and the solvents stripped from the reaction 
mixture.
8 . After cooling the product was diluted with a light non-polar solvent and centrifuged 
to separate any sediment. The solvent was then removed on a rotary evaporator.
Reactants mass /g mol
Surfactant 173.3 0.296
Ca(OH) 2 6 6 .0 0.892
Lubricant Oil 129.0 0.329
Calcium Acetate 4.0 0.025
2-Ethyl Hexanol (2-EH) 31.0 0.238
Mono-ethylene Glycol (MEG) 37.0 0.597
C 0 2 39.0 0 .8 8 6
Table 2.1: Reactant quantities used in the synthesis of the phenate product.
2.2.3: Synthesis of Alkyl Calixarate Detergents.
A new class of overbased detergent phenates has been developed which utilise alkyl 
calixarenes as the surfactant in the procedure [12]. The commercial product contains 
the calixarate with stearic acid as a co-surfactant. In an attempt to simplify the system 
under study, the reaction was carried out without the co-surfactant.
The synthesis followed that of the phenate detergent described above, using a six 
membered calixarene (p-dodecyl calix[6 ]arene) in place of the sulphurised alkyl phenol. 
Three products were made: a low, mid and high TBN sample. Details of the 
components used in the synthesis procedure are shown in Table 2.2.
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Low TBN Calixarate Mid TBN Calixarate High TBN 
Calixarate
Reactant Mass /g mol Mass /g mol Mass /g mol
Surfactant 153.6 0.093 153.6 0.093 153.6 0.093
Ca(OH) 2 40.0 0.541 6 6 .0 0.892 1 2 0 .0 1.622
Lubricant 179.6 0.458 126.9 0.324 73.6 0.188
Ca Acetate 4.0 0.025 4.0 0.025 4.0 0.025
2-EH 31.0 0.238 31.0 0.238 31.0 0.238
MEG 37.0 0.597 37.0 0.597 37.0 0.597
C 0 2 23.0 0.523 39.0 0 .8 8 6 64.0 1.600
Table 2.2: Quantity of reactants used for the calixarate reaction. See Table 2.1 for definitions of 
abbreviations.
2.2.4: Synthesis of Alkyl Calixarate Detergents with Stearic Acid as Co-Surfactant
A co-surfactant such as stearic acid is used to achieve a greater level of basicity for the 
calixarate and phenate type detergents. Here the synthesis of a mixed p-dodecyl 
calix[6 ]arene and stearic acid surfactant system is described. This was undertaken to try 
and elucidate the effect of stearic acid on the physical nature of the nano-colloidal 
particles formed in the overbasing reaction.
The synthesis procedure differed slightly from that of the pure phenate and calixarate 
systems and was as follows (reactants are described in Table 2.3):
1. A reaction vessel was filled with lubricating oil, calixarene, alkyl phenol, stearic
acid, Ca(OH)2, calcium acetate and 2 -ethyl hexanol.
2. The reaction mixture was then heated to 90 °C at a pressure of 700 mm Hg upon 
which the reaction was observed to be mildly exothermic.
3. The temperature was maintained at 90 °C while the pressure was reduced to 10 mm 
Hg and excess water was removed for 10 minutes.
4. The reaction was heated to 130 °C and the pressure raised to 700 mm Hg when the 
MEG was added drop-wise through a pressure equalising funnel.
5. The temperature was held at 130 °C while pressure was increased to 753 mm Hg
and CO2 was bubbled through the reaction mixture.
6 . Solvent removal was then performed at 200 °C and 10 mm Hg.
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7. The product was allowed to cool, then it was diluted with a light non-polar solvent 
and centrifuged to remove sediment. The solvent was then removed on a rotary 
evaporator.
Reactants mass /g mol
p-dodecyl calix[61arene 2 0 .8 0.013
Stearic acid 90.0 0.317
p-dodecyl phenol 17.0 0.034
Ca(OH) 2 104.0 1.405
Lubricant Oil 99.8 0.255
Calcium Acetate 6 .0 0.038
2-EH 2 2 2 .0 1.707
MEG 42.0 0.677
C 0 2 92.0 2.091
Table 2.3: Reactant quantities for the synthesis using calixarate and stearate as surfactants. See Table 2.1 
for definitions of abbreviations.
Reactant molar mass /g mol' 1
sulphurised alkyl phenol 586
p-dodecyl calix[61arene 1656
Stearic acid 284
p-dodecyl phenol 262
Ca(OH) 2 74
Lubricant Oil -392
Calcium Acetate 158
2-Ethyl Hexanol 130
Mono-ethylene Glycol 62
C 0 2 44
Table 2.4: Molecular masses of reactants for all overbasing reactions. See Tables 2.1 - 2.3 for details of 
reactant quantities for each reaction.
2.2.5: Commercial Detergents.
In addition to the compounds detailed above, two commercial overbased detergent 
systems were studied: 400 TBN alkyl phenate with stearic acid and a 400 TBN alkyl 
salicylate with stearic acid. Both samples were supplied by ADIBIS pic and used 
without further treatment.
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2.2.6: Surfactant Structure.
The alkyl calixarene and alkyl phenate surfactants are formed from an alkyl phenol. 
The alkyl phenol “tail” was a propylene tetramer attached in the para- position to form 
a /?-dodecyl phenol. A mechanism has been suggested for the formation of the alkyl tail 
by a cationic polymerisation reaction [13]. Details of this proposed reaction scheme are 
presented in Reaction Scheme 2.1:
+ H
Reaction Scheme 2.1: Cationic polymerisation of four propylene units.
HO
A
OH
R1
OH
R1
Reaction Scheme 2.2: Suggested mechanism for formation of alkyl phenol used in the manufacture of 
the phenate and calixarate surfactants.
Although the cation is shown on the secondary carbon in the above reaction scheme it is 
thought that the more stable tertiary carbocation is predominant when forming the alkyl 
phenol [14]. This is shown in Reaction Scheme 2.2 based on that given in reference
[13], resulting in the product described in Figure 2.3. Although this structure will be 
used henceforth, it is likely that other isomers are also present. The alkyl phenate used
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in the commercial phenate sample is manufactured from the same source of alkyl 
phenol while the alkyl salicylate in the manufactured product has an alkyl tail length 
containing 14-16  carbons and a less well defined structure [14].
HO v  
Figure 2.3: Suggested p-dodecyl phenol structure.
2.2.7: Total Base Number and Calcium Content.
The synthesised compounds were analysed for calcium and level of basicity using the 
so-called TBN index. The TBN is a measure of the total basicity using an industry 
standard technique involving titration of the sample against perchloric acid in glacial 
acetic acid [15]. The basicity is converted to the equivalent number of milligrams 
(TBN) of potassium hydroxide required to neutralise the same amount of perchloric 
acid as lg  of the sample. Table 2.4 shows TBN values and calcium content for the 
products synthesised.
Sample TBN %Ca by mass
Phenate 204.0 7.42
Low TBN Calixarate 155.8 5.0
Mid TBN Calixarate 228.3 7.36
High TBN Calixarate 346.7 11.93
Calixarate with Stearic acid 437.3 15.61
Table 2.5: Analytical data for the detergent reaction products.
By using the experimental values for the calcium content (Table 2.5) and calculating a 
theoretical maximum calcium content from the starting materials (Tables 2.1 - 2.3), it is
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possible to express a value for the percentage of calcium incorporated in the product. 
This is defined as %Cai„c. Calculating the maximum calcium content requires an 
assumption about the number of calcium ions associated with each surfactant molecule 
and that all the remaining calcium is converted into CaC0 3 . In the case of the phenate 
this is straightforward and only one calcium for each surfactant need be assumed. The 
calixarate, however, may potentially incorporate between one and three calciums, 
corresponding to deprotonation of two and six of the phenolic units respectively, with 
the actual number not being known. To handle this ambiguity, two values of %Cainc are 
calculated assuming either one or three calcium ions are incorporated for each 
calixarate. Results of these calculations are shown in Table 2.6 with two values shown 
for the calixarate samples (values in parenthesis correspond to calculations made 
assuming full deprotonation).
Table 2.6 also shows the molar ratios of CaC0 3  to surfactants and CaC0 3  to the sum of 
the phenolic units (or the number of alkyl tail groups) of the surfactants (CaCCVSurf 
and CaCCVTail respectively). In order to calculate these values it was assumed that all 
starting surfactants were incorporated into the product and that all of the remaining 
incorporated calcium (minus the calcium coordinated to the surfactant) was converted to 
CaC0 3 . Again the calculated values depend on the number calcium ions for each 
surfactant, and results for the calixarate samples are given in pairs as for the percentage 
calcium incorporated.
Table 2.6 shows that the level of calcium incorporation is quite high for all samples, but 
is lower than values of ~95% seen in a previous studies [13]. The ratio of CaCC>3 to 
surfactant is seen to be much greater for the calixarates than the phenate, however 
normalising this value to the number of phenolic units in the surfactant results in 
comparable values.
Figure 2.4 shows a graph of TBN vs. CaCCVTail ratio with lines fitted to assist 
inspection. The upper line relates to ratios calculated assuming there are three calcium 
atoms per surfactant molecule and has an extrapolated intercept on the y-axis (TBN) of 
95. The lower of the two lines corresponds to ratios calculated assuming only one 
calcium atom per surfactant molecule with an extrapolated intercept of 55. Non zero 
values for the intercept of these lines indicates that the calcium complex of the 
calixarate has an intrinsic basicity. The values for the intercept suggest that in the
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absence of calcium carbonate the TBN value of the Ca3Calix[6 ]arate is greater than that 
of the CaCalix[6 ]arate. This is entirely reasonable given that the first situation assumes 
full deprotonation of the calixarene whereas the latter involves the to deprotonation of 
only two phenolic units per calixarene molecule. It must be stressed that these are the 
limiting cases and that the level of deprotonation of the calixarenes synthesised 
probably lies between these two extremes.
Sample | %Cciinc CaCCVSurf 
molar ratio
CaCOs/Tail 
molar ratio
Phenate 76.4 1.60 0.80
Low TBN calixarate 84.9 (82.5) 4.32 (2.55) 0.72 (0.43)
Mid TBN calixarate 73.6(71.4) 6.52 (4.90) 1.09 (0.82)
High TBN calixarate J 70.2 (6 8 .2 ) 11.70(10.00) 1.95 (1.67)
Table 2.6: %Cainc (from the ratio of the theoretical maximum calcium content and the analytical result of 
the calcium content), CaC03/surfactant and CaC03/tail ratios for phenate and calixarate products. Two 
values are given for the calixarate products corresponding to calculations assuming deprotonation of two 
of the phenolic units and complete deprotonation (values in parenthesis).
400
350
300
250
£ 200PQH
150 CaCalix -•— 
Ca3Calix -
100
1.5 210 0.5
Ratio Calcium Carbonate/Surfactant Tail
Figure 2.4: Graph of TBN vs. CaC03/tail molar ratio for calixarate product assuming either one or three 
calciums per surfactant, with lines fitted to the data to aid inspection.
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2.2.8: Extraction of Nano-colloidal Particles from Lubricating Oil.
In order to characterise the physical and chemical nature of the overbased detergent it 
was convenient to remove the solvent. The overbased detergent particles were removed 
from the oil and other reaction compounds by the following procedure [16]:
1. Fifty grams of the additive were dissolved in 100 ml of w-hexane, which was then 
added to 700 ml of acetone.
2. The precipitate that formed was allowed to sediment under gravity for several hours.
3. The supernatant liquid was decanted off and the sample allowed to dry to a constant 
weight at 85 °C in a hot cupboard, before being ground to a powder in a pestle and 
mortar.
The process was repeated for all samples, however the calixarene samples proved 
unstable to this method since they would not redissolve in an apolar solvent. This may 
have been due to the surfactant being displaced from the carbonate core by the acetone. 
Several less polar solvents were tried instead of acetone, with ethanol being the most 
effective of these. Repetition of this procedure with ethanol allowed the successful 
extraction of a redispersable product for samples containing only the calixarate. This 
procedure was less successful, however, for the mixed calixarene/stearic acid sample, 
which proved unstable to all the solvents tried. No redispersable product was isolated 
for this sample. The reason for this is unknown, but it would be interesting in future to 
carry out a more comprehensive screening of the overbased detergents with respect to 
their separation capability from organic solvents.
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2.3: Langmuir Trough Studies of Overbased Detergents.
2.3.1: Interfacial Characterisation: Langmuir Trough.
There is now a large body of evidence that indicates that the overbased detergent 
additive consists of nano-colloidal particles with a hydrophobic shell around an 
inorganic core [3,16-20]. In fact, this is what enables the dispersion of the inorganic salt 
in an apolar medium. The converse is true, in that the particles are non-dispersible in a 
polar medium. This was exploited as a particle sizing method using the Langmuir 
trough technique.
Langmuir troughs, or Langmuir film balances, have traditionally been used to study 
surface active long chain polar molecules at the air/water interface. The technique has 
more recently been extended to investigate polymer latex particles sizes [2 1 ] and later, 
by Clint and Taylor [22], to study the nano-colloidal overbased detergent systems of 
interest here. Essentially, the experiment involves spreading a layer of the extracted 
component on a polar subphase (usually water) and constricting the surface area while 
measuring the difference in surface pressure between the covered and clean subphase. 
A plot of the surface pressure vs. surface area (II - 4^ curve) can be used to determine 
the size and interactions between the particles. The following information may be 
determined from an analysis of the II vs. A curves,
1. Particle size.
2 . The force-distance curve for a pair of particles.
3. The contact angle made between particle and the water subphase.
2.3.2: Experimental Detail.
The Langmuir trough apparatus used was a Lauda FW2 Langmuir Filmwaage trough, 
which comprised a stable anti-vibration bed mounted by a trough filled with the 
subphase. The trough was fitted with a movable hydrophobic barrier, to control the 
surface area occupied by the sample. A pressure transducer mounted on a floating boom 
running the width of the trough was used to measure the surface pressure difference 
between sample covered (A in Figure 2.5) and clean subphase (B in Figure 2.5). The 
sample was dispersed in small quantities between the barrier and boom and the barrier 
moved to reduce the surface area. A computer was used to record the surface area 
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against the surface pressure profile. Figure 2.5 shows a schematic diagram of this 
apparatus.
Movable
Barrier
Computer Flexible Barrier Dispersed Sample
Clean Subphase
Pressure
Transducer Floating boom
Figure 2.5: Schematic diagram of the Langmuir trough used.
Contaminants on the water subphase greatly affect the accuracy of measurements. To 
minimise this problem the water was purified using a Milli-Q purifier and the surface 
cleaned by suction between each measurement. The samples were prepared by 
completely dissolving the extracted powder in AR grade toluene to form a ~0.5% w/w 
solution and then added to the surface in ~2xl0"5 dm3 portions using a syringe. The 
toluene solution was spread evenly over the water surface and allowed to evaporate for 
several minutes. The hydrophobic barrier was moved towards the boom. Pressure 
transducer readings were recorded over a period of between five and ten minutes. 
Surface pressure, n, and surface area, A, were thereby obtained. From this data the 
average particle sizes could be determined using the procedure described below.
2.3.3: Calculation of Particle Size.
A typical II vs. A curve is shown in Figure 2.6. The important feature to note is the 
presence of a ‘knee’ that corresponds to the point in the compression where the particles 
become essentially closely packed. Taking tangents at the inflexion points above and 
below the knee gives a characteristic surface pressure where these two lines cross, 
called the critical surface pressure, IIC, which occurs at a close packed area, AH (both are 
shown in Figure 2.6). As the surface area is reduced further the slope of the graph 
maintains a shallow gradient, possibly owing to the surface layer being compacted and
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the formation of multiple layers (for lower Ah values) as particles are ejected from the 
monolayer. Yet smaller surface areas result in a build up of a relatively incompressible 
three dimensional structure and the slope consequently increases again.
IJ-A curve
Tangents to the point 
of inflexion
‘knee’
A /arbitrary units
Figure 2.6: Example of a surface pressure (II) vs. surface area (A) curve for dispersed extracted 
particles on a water subphase.
2R
Figure 2.7: The volume of the hexagonal tube circumscribing a spherical particle is the effective volume 
of the particle. R is the radius of the sphere.
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Assuming the particles are spherical mono-disperse and hexagonally close packed, an 
effective volume available for each particle can be calculated by circumscribing the 
spherical particle with a hexagonal tube as illustrated in Figure 2.7.
The effective volume of the particle, Veff, is the volume of the hexagonal tube 
surrounding the particle of particle radius, R, which is given by
Ve „ = 2 R x 2 x i l , 2 x R 2 (2.1)
while the actual volume of the particle, Vact, is
F«C1 = ( 4 / 3 ^ 3  <Z2>
leading to a ratio VefJVact of,
4 x 3 ^ ^
v 4riv  , = ■ / x— = 1-654 (2.3)e ff / act (4 / 3 )0 .
The total volume of the dispersed particles, VdiSp, may be calculated from [6 ], 
mop
V,. = ------- §- (2.4)
disp 1 0 0 /7  
P
where v is the volume of the solution spread, zzrthe mass percentage of particles in 
solution, ps the density of the solvent and pp the density of the particles. The volume of 
the monolayer, Vmono, may be calculated from,
Kono = a*H (2.5)
where o=2R is the particle diameter. By equating Eq. (2.4) and Eq. (2.5) and correcting 
for the difference in volume between a sheet and a layer of hexagonally packed spheres 
(the correction factor is equal to 1.654) cr, may be found [22],
T = (2.6)
100 AhPp
2.3.4: Calculation of Inter-Particle Force.
If we assume that the particles are evenly distributed on the subphase and hexagonally 
packed even before close packing occurs, it is possible to define a mean adjacent 
interparticle separation, S, for points on the II - A curve before the knee,
S = 2R(A/AHf 2 (2.7)
where A > Ah. Further, the measured surface pressure can be thought of as the repulsive 
force between two rows of the monolayer per unit length of an imaginary line along the
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interface. Given the interparticle separation from Eq. (2.7), the number of particles per 
unit length of this line is equal to IAS. The only forces perpendicular to that line come 
from pairs of particles on either side of the line, as illustrated in Figure 2.8.
Figure 2.8: Schematic diagram showing the force on the central close packed particle from its 
neighbours. Only nearest neighbour interactions are considered significant
From this model it is possible to express the perpendicular force on the central particle,
Fperp in terms of the pair forces, F, from the nearest surrounding particles. Assuming 
only two interactions contribute for each particle (from A and B in Figure 2.8) we have,
Noting the force per unit length of the imaginary line is equal to the surface pressure,
for any point on the n  - A curve corresponding to hexagonal packing of a monolayer. 
Using Eqs. (2.7) and (2.10), the force-distance curves for the overbased particles were 
calculated for the systems studied and these are presented in Section 2.3.7.
2.3.5: Calculation of Contact Angles.
For nanometre sized particles, such as overbased detergent particles, gravity imposes a 
negligible force on the particle and the water meniscus may be considered to remain
(2.8)
(2.9)
S
or,
(2.10)
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horizontal up to the particle. Figure 2.9 shows a schematic diagram of the spatial 
relationship between water and particle, at the interface, in terms of the contact angle, 0. 
The surface tension yLA, ysA and ysi in the diagram refer to those between liquid-air, 
surface-air and surface-liquid respectively, with R as the particle radius again.
Particle
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Figure 2.9: Schematic diagram showing the contact angle, 0, of a particle at the air/water interface
The curved area of contact between water and particle in terms of the contact angle and 
particle radius is given by simple geometric arguments to be,
Acm, = 2 *R2(l + COS0 ) (2 .1 1 )
and the flat or ‘projected’ area of water occupied by the particle is similarly,
AC0V= xR 2(1 -co s2#) (2.12)
The Helmholtz free energy change on removing the particle from the interface then 
becomes,
~ ACOnt (YsA ~ YSL ) + ^ covYlA
= 2mR2(1 + c o s  0 $ /^  -  r SL) ■+ nR2 (l -  c o s 2 0)yu  
The first term on the right hand side of Eq. (2.13) represents the replacement of liquid 
by air around the submerged part of the particle. The second term on the right hand side 
is the creation of additional liquid-air surface on removal of the particle. Young’s 
equation for equilibrium at the three-phase contact line is,
rsA-rsL=riAcos0 (2.14)
which allows Eq. (2.13) to be simplified to,
(2.13)
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(2.15)
A/)^ [  = ^ 27 '^(l + 2 cos^+cos2 0)
= ^ 2/ ^ ( l  + cos^ ) 2 
The number of particles per unit area assuming hexagonal close packing is,
N  = (bR2)~l (2.16)
where b=2>/3 and the free energy change associated with the removal of all of the 
particles from a unit area of the interface into air is therefore,
^(l + cos#)2^
a aJ ^  = a pJ ^  = ^ la (2.17)
The Helmholtz free energy change associated with the transfer of the particles from the 
interface into bulk water is similarly,
^ (l-cosO)2^
A „J? = A J?A (2.18)
The Helmholtz free energies described by Eqs (2.17) and (2.18) are for the removal of 
particles from the interface into air and water respectively. If we follow the assumption 
that particles begin to be ejected from the monolayer at close packing the surface 
tension at which this occurs, Hc, is equal to the Helmholtz free energy, Aa.wA , for the 
removal of the particle from the interface. Using Eqs. (2.17) and (2.18) we can derive 
the compact expression,
(l ± cos 0)2 ^
n  c=*rLA (2.19)
were the + sign is used for particles moving from the interface to air and the - sign for 
particles moving into bulk water, /la is the surface tension of the air/water interface and
is equal to 72 mN rri-l
2.3.6: Density Determination.
Using Eq. (2.6) to calculate the particle size from the Langmuir trough measurements 
the density of the extracted powdered active component, pp, is required. This was 
achieved using a density bottle and the procedure described below:
1. A 25 ml density bottle was thoroughly cleaned and weighed. The mass was M\.
2. The volume of the density bottle was determined by filling it with the solvent toluene 
(known density p s). The bottle with solvent was reweighed and this had mass, Mi.
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3. The cleaned and dried bottle was reweighed and a reasonable amount of the sample 
added to the bottle. The mass, M3, of the bottle and sample was determined.
4. Enough solvent to redisperse the entire sample present in the bottle was added and a 
further measure of toluene added to fill the bottle. This was again weighed, to give 
mass, M4.
5. The volume occupied by the powder was calculated by subtracting the volume of 
solvent (calculated from the mass of toluene added) from the total volume of the 
density bottle according to Eq. (2.20).
p  — (M3 ^ i K   (2.20)
p (m 2+m 3- m 1- m 4)
Results of the density determination for the various samples synthesised are shown in 
Table 2.7.
2.3.7: Results of Langmuir Trough Study.
The synthesised and commercial products were analysed using the Langmuir trough 
(except for the high TBN calixarate with stearic acid co-surfactant where an extracted 
powder could not be isolated).
Table 2.7 shows experimentally determined properties including, n c the critical surface 
pressure, Ah the area at close packing, pp the particle density, p s the solvent density, v 
the volume of solution spread, w the mass percentage of particles in solution, a  the 
particle diameter and 6mm and 6nax the minimum and maximum contact angles (from 
Eq. (2.19)).
Figure 2.10 presents the particle diameters (calculated from Eq. (2.6)) vs. TBN for the 
calixarate series and the particle diameters for a phenate series calculated in a previous 
study (150, 250 and 300 TBN phenate samples prepared via a ‘one pot’ reaction) [6,13]. 
The 200 TBN phenate made in this work has been included in the phenate series for 
comparison. The particle size increased with the level of overbasing. As can be seen 
from Figure 2.10 the particle diameter of the 200 TBN phenate is in close accord with 
the 150, 250 and 300 TBN samples. This would suggest that despite the differences in 
manufacture detailed in Section 2.2.2, the resulting product is very similar. The
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commercial phenate and salicylate products are generally larger than the model 
detergent systems with a correspondingly greater TBN. Furthermore, the commercial 
detergent products are manufactured using stearic acid as a co-surfactant. Stearic acid 
has a flexible unbranched chain length of eighteen carbon atoms compared to the highly 
branched and rigid twelve carbon alkyl chains of the model detergent systems. 
Consequently it would be expected that the particle diameters of the commercial 
product would be larger than those synthesized in the laboratory for the same level of 
overbasing (by virtue of a thicker stabilising shell) and that these particles should be 
more deformable.
Sample
Property Low TBN 
Calixarate
Mid TBN 
Calixarate
High
TBN
Calixarate
Phenate Phenate + 
Stearate
Salicylate 
+ Stearate
n c /mN m ' 1 12.7 1 2 .2 11.7 2 1 .8 30 35.3
Ah /m2 mg' 1 0.48 0.43 0.39 0.55 0.23 0 .2 2
Pp /g cm' 3 1 .0 2 1 .1 1 1.19 1.13 1.52 1.48
A  /g cm' 3 0.867 0.867 0.867 0.867 0.867 0.867
v/cm 3 0 .0 2 0 .0 2 0 .0 2 0 .0 2 0 .0 2 0 .0 2
w  /%wt. 0.5 0.5 0.5 0.5 0.5 0.5
cr/nm 3.38 3.47 3.56 2 .6 6 4.73 5.08
3nin/° 56.0 55.4 54.8 65.0 71.2 74.6
6{nax/° 124.0 124.6 125.2 115.0 108.8 105.4
Table 2.7: Experimentally determined properties of the extracted powders studied by the Langmuir 
trough technique. n c is the critical surface tension, AH the area at close packing, pp the bulk density of the 
extracted powder, ps the density of the solvent, v the volume of solution spread, 67 the mass percentage of 
particles in the solution, crthe particle diameter and 0m;n and 0max the minimum and maximum contact 
angles respectively. See text for discussion of uncertainties. The estimated uncertainties in the rvalues 
are ±0.05 nm, and ±0.5° for the contact angles.
Comparing the calixarate series and the phenate series, it can be seen from Figure 2.10 
that the particle sizes of the calixarates are larger than the phenates for the same TBN. 
This may be explained by considering the ratio of the number of CaC(>3 units to each of 
the phenolic groups of the surfactant in the calixarate and phenate systems.
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Figure 2.10: Comparison of particle sizes for calixarate and phenate overbased detergent systems 
synthesised in this work. 150, 250 and 300 TBN phenate data is taken from reference 13. The 200 TBN 
phenate data and all calixarate data are taken from Table 2.7.
Figure 2.11 presents a comparison of the CaCCVcalixarene-molecule ratio, normalised 
by the number of alkyl tails (and hence the number of phenolic groups in the surfactant) 
for the respective surfactants (two for the sulphurised alkyl phenol and six for /?-alkyl 
calix[6 ]arene). This figure shows that, per phenolic group, the calixarate is capable of 
binding to slightly more calcium carbonate than the phenate product. The size 
difference between the two series of compounds is possibly because the bulky 
calixarene molecule imposes a minimum size for the detergent particle. The average 
150 TBN phenate particle is able to accommodate as few as two surfactant molecules 
and two CaC0 3  molecules, whereas the 150 TBN calixarate particle requires at least 
two of the much larger calixarenes. Therefore about eight CaCOss are required to give 
a similar ratio of CaCCVsurfactant-tail-unit for both systems. Consequently, the core 
size and the stabilising surfactant layer are typically quite a bit larger for the calixarates 
than for the phenates at the same level of overbasing. This effect is more prominent at 
lower TBN values, where the minimum particle size is quite sensitive to the size of the 
surfactant.
The calixarate samples gave quite poorly defined II - A curves resulting in a shallow 
and less distinct ‘knee’. This could be the result of polydisperse particles, contaminants,
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or deviation from spherical particle geometry resulting in a monolayer in which the 
particle changes orientation with respect to the surface as it is compressed. Polydisperse 
particles may be an inherent problem with the calixarates for reasons similar to the 
particle size discrepancy between calixarates and phenates: the increased number of 
phenolic units for each calixarate surfactant when compared to the phenate surfactant. 
If the 150 TBN phenate sample is considered, it is likely that the system consists of 
particles containing between one and three CaCCb molecules and two and three 
sulphurised alkyl phenol molecules with an average of two CaCCb molecules to two 
sulphurised alkyl phenols [6,13]. Since small deviations in the average number of 
constituent molecules would not affect the size of the particle too greatly, this results in 
a system of particles of similar size. In contrast, any deviation from the ‘average’ 
CaCCb/surfactant ratio in the calixarates should result in a mixture of particles that vary 
in diameter over a much greater size range. This is because the addition of a further 
calixarate to an overbased detergent particle would result in a large increase in the 
number of phenolic units (and consequently the number of CaCC^s present) compared 
to the addition of a phenate surfactant. Deviation from spherical particle geometry is 
also very likely for the calixarate particles due to the constrained nature of the 
calixarene as a surfactant. A linear surfactant such as stearic acid or alkyl benzene 
sulphonate is free to coat the mineral core uniformly with a uniform radial distribution. 
The six phenolic units of the calixarene, however, are constrained by the ring geometry 
of the calixarene and are unable to adopt a uniform distribution around the mineral core. 
This may lead to a particle comprising a mineral core, which is capped at either end by a 
calixarene molecule, resulting in a particle with ‘tubular’ geometry. In turn, this would 
lead to a II - A curve that is less well defined.
Figure 2.12 shows the force between two calixarate particles, for all TBN, calculated 
from the II - A curve up to the point of close packing. The curves show that the range 
over which the particles interact is ca. 15% of the particle radius, suggesting a short 
range repulsive interaction consistent with a highly branched tail of moderate length 
covering the particles. Since there is no trend in the slope of these curves with TBN, it 
would appear that, for the calixarates, the level of overbasing does not appreciably 
change the interaction potential between particles. The force separation curves for the 
other surfactant systems are shown in Figure 2.13. The phenate curve shows interaction 
between particles over a similar distance scale to the calixarene samples, which is to be 
expected since the tail is the same propylene tetramer.
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Figure 2.11: Comparison of CaC03/surfactant-molecule ratios, normalised to the number of alkyl tails 
per surfactant (carbonate/tail ratio), for calixarate and phenate overbased detergent systems. The phenate 
data is taken from reference 13.
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Figure 2.12: The force between calixarate particles as a function o f particle centre-to-centre distance, r 
normalised to the particle radius R.
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Both calixarenes and phenates exhibit curves that show reasonable compressibility over 
a range equal to about 15% of the particle size (at close packing). The mixed surfactant 
samples show curves, which exhibit interactions over 30% and 40% of the particle size 
respectively. This reflects the relative flexibility of the carbon chain of stearic acid (see 
Figure 2.13) compared with the propylene tetramer. The greater range over which the 
particles interact in the salicylates would suggest that the stabilising surfactant layer 
around the carbonate core of the salicylate is more open than the phenate. This allows a 
greater interpenetration of surfactants from adjacent particles (see Figure 2.14), or 
greater collapse of the stearic acid into this layer (see Figure 2.15).
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Figure 2.13: Inter particle force for phenate and surfactant systems including stearic acid. Results are 
plotted against interparticle separation, r, normalised to the particle radius, R.
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Figure 2.14: Diagram showing the interpenetration of stearic acid as the micellar species are forced 
together by the reduction in surface area of the Langmuir trough.
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Figure 2.15: Diagram showing the interpenetration of stearic acid as the micellar species are forced 
together by the reduction in surface area of the Langmuir trough.
Figure 2.16 presents a plot of the dependence of the critical surface pressure, ITC, on the 
contact angle, <9, for the expulsion of the particle from the interface. Two values are 
possible (see Table 2.7) corresponding to particles more easily moved from the interface 
into water {0< 90°) than into air (0>  90°). Since the particles are hydrophobic, values 
greater than 90° are expected. Values of 124.0°, 124.6° and 125.2°, with an uncertainty 
of ±0.5°, are observed for the calixarate series (low to high TBN) reflecting their ease of 
removal from the interface whilst exhibiting only a very small increase in contact angle
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with TBN, the reverse trend to that found in phenates [6,13]. This increase in contact 
angle with TBN is very small however and is statistically insignificant. What is evident 
is that the calixarates are apparently more hydrophobic than the phenate and mixed 
surfactant systems. (The contact angles 115.0°, 108.8°, and 105.4° are observed for the 
phenate, mixed phenate stearate and mixed salicylate stearate systems respectively.)
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Figure 2.16: Dependence of the required critical surface pressure, n c, to remove particles from the 
interface vs. contact angle, G.
It has been argued that the difference in contact angle between overbased detergent 
particles is due to the amount of hydrophilic CaCCb core that is exposed to the water. 
The more CaCC>3 exposed then the lower contact angle [6,13]. Alternatively we may 
approach this trend in terms of the shape of the particles. Molecular Dynamics 
simulations have suggested that the shape of a phenate particle is an oblate spheroid 
(‘discus’) [6,13,27], with a large amount of the hydrophilic core exposed, and that the 
shape of a sulphonate particle is spherical [29], with very little exposed CaCC>3. 
Comparing the contact angle of the 200 TBN phenate (115.0°) made in this work and 
the contact angle of a high TBN overbased sulphonate (104.0°) calculated by the same 
Langmuir trough technique elsewhere [22] we see that the sulphonate sample has a 
lower contact angle despite the lower level of exposed core. However, if the shapes of 
the particles are considered (Figure 2.17) it is apparent that, for particles with the same 
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radius, R, projected onto the plane of the water surface, the area of contact between 
particle and water is lower for a discus than for a sphere, i.e., ACont,sph>ACont,dsci whilst the 
area covered by the particles also differs, A cov>Sp h > A COv,dsc•
Hydrophobic Particles 
(#>90°)Sphere
Discus
cov.sph cov.dsc
A S  Ac o n t .s p h  '  cont.dsc
Figure 2.17: Diagram illustrating the difference in area of contact between a spherical and a discoid 
particle, with the same apparent radius R, at the water interface. Acontsph and Acontdsc are the areas of 
contact for the sphere and the discus respectively.
Combining Eqs. (2.13), (2.14), (2.16) and (2.17) allows the formulation of an equation 
relating the contact angle to, critical surface pressure, ITC, the area of contact between 
the water and the particle, Acont, the circular area of water surface covered by the 
particle, Acov and the radius of the particle, R.
cos 0=  *
A
cont
- A^cov (2.21)
Y la
When the contact angle is considered in the hydrophobic particle range, 90<#<180, the 
cosine of the contact angle will appear more negative as the area of the particle in 
contact with the water is decreased and the surface area at the interface is increased. 
What this then suggests is that a deviation from spherical shape leading to a reduction in 
the area between particle and water will give an apparent contact angle that is too large. 
An increase in the contact area results in an underestimate of the contact angle, using 
the above analytic treatment based on spherical particles. Consequently these apparent 
contact angles and the difference 0  between the classes of overbased particle may 
contain information about the shape of these particles. Clearly a reformulation of the 
equations used to derive the contact angle is required to take account of particles that
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deviate from spherical symmetry. Attempts to carry out these improvements were 
hampered by intractable analytic expressions, and if the particle is an oblate spheroid, 
calculating the contact area between particle and water is non-trivial. The derivation of 
the contact angle is further clouded by possible reorientation of the non-spherical 
particles at the interface as the surface coverage changes. In conclusion, the contact 
angle is only likely to be useful when comparing spherical particle types. The large 
deviation in contact angle between phenate, calixarate and stearic acid bearing systems 
is possibly due to differences in particle shape, rather than a true reflection of the 
relative hydrophobicity of the different detergent types.
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2.4: Overbased Detergent Thin Film Formation.
2.4.1: Introduction to Langmuir-Blodgett Films.
In the previous section, the interfacial behaviour of overbased detergents enabled the 
experimental determination of the particle diameter. The hydrophobicity of the particles 
promoted the formation of a monolayer on water. The ability of surfactants to form a 
monolayer on water has, for many years, been exploited in the production of Langmuir- 
Blodgett films [23,24]. These films are formed by first spreading the surface active 
amphiphilic molecules on a subphase (usually water) and compressing the surface area 
to give an homogenous close packed monolayer. This monolayer is then transferred 
onto a substrate by passing the substrate vertically through the monolayer. The choice 
of substrate depends on the surfactant used and the application of the film. Repeatedly 
passing the substrate through the interface allows the build up of a multilayered film of 
defined thickness dictated by the surfactant and the surface pressure at which deposition 
is performed. These films are known as Langmuir-Blodgett films named after Irving 
Langmuir and Katharine Blodgett, who co-invented the technique. Figure 2.17 shows a 
schematic representation of the processes used to form the multilayered film, from the 
spreading of the surfactant to its deposition in multiple layers. The deposition process is 
regulated throughout. A constant surface pressure is maintained by compressing or 
expanding the surface area using a feedback control system. The surface pressure is 
usually chosen to correspond to a close-packed monolayer of the surfactant as this 
allows the formation of layers of uniform packing and thickness.
The deposition process illustrated in Figure 2.18 corresponds to the commonest type of 
deposition, which is known as Y-type deposition. This is where a hydrophilic substrate 
is used and the first layer is deposited with the headgroup on the substrate as it is raised 
through the interface. Subsequent layers are then deposited on both the upward and 
downward strokes, forming the type of film shown in Figure 2.19 (a). Two further 
modes of film formation are also observed, Z-type deposition (the resulting film shown 
in Figure 2.19 (b)) where the monolayer is only transferred on the upward strokes and 
X-type deposition (the resulting film shown in Figure 2.18 c) where the monolayer is 
only transferred on the downward strokes. The X and Z types are generally 
thermodynamically less stable as they have significant head-to-tail contact.
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Figure 2.18: Schematic representation of the formation of Langmuir-Blodgett films, a) The surfactant is 
dissolved in a spreading solvent and then deposited onto the subphase held in a Langmuir film balance, 
b) The spreading solvent is allowed to evaporate and a uniform monolayer formed by restricting the 
surface area o f the film balance, c) The substrate is passed upward through the monolayer, which is 
deposited onto the substrate, d) & e) Repeatedly passing the substrate through the monolayer forms a 
multilayered film.
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Figure 2.18: Diagram of the three types of Langmuir-Blodgett films, a) shows a film created by Y-type 
deposition, b) films corresponding to Z-type deposition and c) the resultant film from X-type deposition.
Magnetic ultrafine particles stabilised by oleic or stearic acid in the size range 70 - 1000 
A have been used to form Langmuir-Blodgett, LB, films [25] via X-type deposition. 
Clearly these surfactant-stabilised particles are analogous to the nano-colloidal particles
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associated with overbased detergents and hence the formation of Langmuir-Blodgett 
like films of overbased detergent particles was also considered possible. Despite the 
obvious difference between amphiphilic molecules and overbased detergent particles, 
the same process was used in the formation of the multilayered films, i.e. spreading of 
the particles onto a subphase, formation of a monolayer and subsequent transfer of the 
monolayer onto a substrate. The deposition of the overbased particles as LB films was 
attempted for the first time as far as the author is aware. The results of these 
experiments are discussed in the next section.
2.4.2: Thin Film Analysis using Ellipsometry.
Ellipsometry utilises the fact that the reflectance of a polarised incident beam is 
different for light polarised perpendicular (s) or parallel (p) to the plane of incidence 
[23,26]. The plane of incidence is the plane containing the incident ray and the normal 
to the reflecting surface constructed at the point where the incident ray strikes the 
surface. Ellipsometric measurements involve the irradiation of a sample with a laser at 
a defined angle of incidence. Two angles are recorded i//, the angle corresponding to the 
difference in amplitude between the complex reflectances, rs and rp, perpendicular and 
parallel to the plane of incidence and A, the angle corresponding to the difference in 
phase between the complex reflectances. Figure 2.18 shows the definitions for 
reflectance at an interface, where no and nj are the refractive indices of the materials 
bounded by the interface.
Using the angles \|/ and A, which the equipment determines, the complex reflectance 
ratio may be determined:
Also using the relations of Descartes and Fresnel [26] (Eqs. (2.23)-(2.25)) a good 
description of this ‘2-phase’ model can be obtained.
tan ^ exp(/A) (2 .22)
H0sin#0 = HjSin#!
r = r  = (jl\ cosffp -  ftp  cosff)
p 0lp (nx cos + n0 cos 6X)
r = r  ^  ijip c o s  — nx cos Qx)
015 («0 cos 0O + nx cos 0X)
(2.23)
(2.24)
(2.25)
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Figure 2.19: Reflection at an interface. The refractive indices of the materials on either side of the 
interface are n0 and ni and the angle of incidence of the light beam is &o-
To determine the thickness of a thin film a 3-phase model comprising an ambient 
medium, uniform film and a substrate is required, as illustrated in Figure 2.21. This 
model utilises the same fundamental ideas as the 2-phase model, however to make 
progress with the analysis an effective reflection coefficient analogous to the complex 
reflectances of the 2-phase model is required,
_  ( r 0 1  a  +  r \ 2 a ^ )  / 2  2 6 )
* ■ " ( 1  +  W I t e X )  ( ' }
where a=p (parallel) or s (perpendicular) and,
X = exp(- JjWj cos 0X) (2.27)
and X is the wavelength of the incident beam. The complex ratio, p, is now defined by 
the ratio of the effective reflectances,
p  = ^  (2.28)
r effs
which can again be calculated from the angles \|/ and A. Measurement of \\i and A along 
with knowledge of the angle of incidence and the refractive index of the film is 
sufficient to determine the film thickness, di.
Figure 2.22 shows an ellipsometer arrangement for an oblique incidence reflection 
experiment used to determine the film thickness. Light from the light source passes 
through the monochromator and collimator to give a parallel incident beam of one 
known wavelength. The polariser polarises the incidence beam and changes the 
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orientation of polarisation before the light is reflected off the sample and relevant 
information recorded by the analyser and detector.
Figure 2.21: Arrangement for the 3-phase model, no, nj and n2 are the refractive indices of the ambient 
medium, film and substrate respectively. The film thickness d} and <^ ?is the angle of incidence with
respect to the surface normal.
Light source.
Monochromator and 
collimator.
Polariser.
Compensator.
Detector.
Analyser.
LB film.
Substrate.
Figure 2.22: Diagram of an ellipsometer experimental arrangement for oblique incidence reflection.
Ellipsometry is a versatile technique for the analysis of films at the nanoscale, however 
it relies for quantitative interpretation on an accurate knowledge of the refractive indices 
of all the materials present in the film and substrate. An effective mathematical model 
to interpret the data gathered during an experiment is also requires. Another limitation 
is that it does not give an indication of the uniformity of the film to the same resolution 
as the layer thickness, as the analysis is made from data gathered and averaged across 
the area of the incident beam.
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2.4.3: Results and Discussion of LB Film Formation.
The Langmuir-Blodgett technique was used to form multilayer films for a range of 
overbased detergent particles deposited onto silicon wafers as the substrate. Whilst this 
technique has been used in the deposition of nano-scale particles before [25], it has not 
been applied to the study of overbased detergents. Initially the 150 TBN and 350 TBN 
calixarate samples (synthesis described in Section 2.2.3) were deposited as 3 and 7 
layers onto an unmodified silicon wafer at the critical surface pressure (see Table 2.7). 
It was possible to deposit a variable number of layers for a given sample by reducing the 
dipping depth of the substrate after 3 strokes, which appears as a ‘step’ on the surface of 
the silicon wafer. Oblique incidence reflection ellipsometric experiments using a 
Plassmos E/SD2000 ellipsometer were performed on the samples to determine the film 
thickness as a profile along the length of the wafer. The refractive index of the film was 
assumed to be close to that of an organic medium, which was set to «/=1.45. The 
samples were deposited successfully since both up and down strokes exhibited a 
decrease in first the surface pressure and subsequently the surface area, as the decrease 
in surface pressure was compensated for by a reduction in the surface area. The 
deposition mode was analogous to the Y-type LB transfer. Deposition proved to be 
very uneven and attempts to transfer more than 7 layers resulted in a subsequent 
increase in surface pressure, presumably from the ‘washing’ back of the detergent 
particles onto the surface of the subphase.
Figure 2.23 shows a plot of the sample thickness against distance along the sample, 
which indicates that the 150 TBN particles are larger than those of the 350 TBN sample, 
if we make the assumption that they are spherical. This is in contradiction with the 
results of the Langmuir trough particle sizing experiments (Section 2.3) and is probably 
due to the poor sample deposition, particularly for the 350 TBN calixarate sample.
To improve the quality of monolayer transfer, the silicon wafer was pre-treated with a 
layer of stearic acid. This layer was deposited by a single upward stroke of the silicon 
wafer through a monolayer at a surface pressure corresponding to close packing of the 
stearic acid. Modifying the substrate in this way created a hydrophobic surface without 
losing the very flat reflective surface associated with the silicon wafer. After the 
monolayer of stearic acid was transferred to the silicon wafer, a profile of the stearic 
acid film thickness was acquired by the ellipsometer. This allowed an assessment of the 
uniformity of the new substrate and an average value for the film thickness; to be
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subtracted from the film thickness of the overbased detergent particles deposited on top 
of it. The average stearic acid layer thickness was 2.3 nm ±0.1 nm, which is in good 
agreement with the layer thickness determined from previous deposition experiments 
[27].
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Figure 2.23: Plot of film thickness against distance along deposited sample for 150 TBN and 350 TBN 
calixarate samples. The samples comprise 7 deposited layers (thick section) and 3 deposited layers.
Figure 2.24 shows a schematic diagram of the proposed layer topography for the 
deposition of overbased detergent particles onto a monolayer of stearic acid on a silicon 
wafer substrate. As for the deposition of surfactant stabilised ultrafine magnetic 
particles [25], deposition proved more successful onto a hydrophobic surface.
Three overbased detergent systems were used to form films on the modified silicon 
substrate. These were the 150 TBN and 350 TBN calixarates and the 200 TBN phenate. 
Monolayer transfer was carried out at the critical surface pressure given in Table 2.7, 
with a pseudo Y-type method of deposition.
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Figure 2.24: Proposed deposition topography for transfer of overbased phenate detergent particles onto a 
stearic acid modified silicon wafer.
Transfer of the close-packed particles from the subphase to the substrate proved to be 
more facile onto a hydrophobic surface, as layer quality did not degrade until about 14 - 
16 layers had been deposited. To study the effect of the number of layers on film 
thickness and uniformity, the samples were once again deposited with a stepped profile 
by reducing the depth of the substrate dip after every 2 strokes. This resulted in a 
surface consisting of 2, 4, 6, ....16 stepped layers. Ellipsometric analysis of the surface 
using oblique incidence reflectance clearly showed the step structure, however the 
uniformity of the film degraded as more layers were deposited. This can be seen from 
Figures 2.25 - 2.27, which show a three-dimensional surface of the film for the 150 and 
350 TBN calixarate, and 200 TBN phenate systems. The three dimensional plots were 
obtained by sampling the film thickness in the plane of the sample. The degradation in 
the quality of the surface coat with the number of layers is clearly visible in Figures 
2.24 - 2.26, which show an increasingly rough surface plot being apparent with distance 
along the sample.
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Figure 2.25: Surface profile of 150 TBN calixarate deposited on stearic acid modified silicon wafer. The 
number of deposited layers ranged between 2 and 16.
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Figure 2.25: Surface profile of 350 TBN calixarate deposited on stearic acid modified silicon wafer. The 
number of deposited layers ranged between 4 and 16.
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Figure 2.27: Surface profile of 200 TBN phenate deposited on stearic acid modified silicon wafer. The 
number of deposited layers ranged between 2 and 16.
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Figure 2.28: Results of ellipsometric profile scan comparing deposition for 150 TBN and 350 TBN 
calixarate detergent particles. 150 TBN film has between 2 and 16 layers and the 350 TBN sample has 
between 4 and 16 layers.
The stepped structure of the calixarate films can be clearly seen in the profile scan of the 
150 TBN and 350 TBN calixarate samples (Figure 2.28). The film thickness of the 350
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TBN sample is greater than that of the 150 TBN sample for the same number of layers 
deposited, implying a greater particle size for the 350 TBN sample (assuming the same 
deposition mechanism). This trend is consistent with the data derived from the 
Langmuir trough particle sizing experiments (Section 2.3) and suggests an improved 
mode of transfer on to the hydrophobic substrate when compared with the behaviour of 
the (hydrophilic) bare silicon wafer. The film thickness can be used to determine the 
particle size if we assume the particles are spherical. If it is assumed that the detergent 
particles pack in a hexagonal array, as shown in Figure 2.29, simple geometric 
arguments provide an expression for the film thickness, d, in terms of the particle 
radius, R, the number of layers, n, and the layer separation, 5, given by Eq.(2.29),
d = ( n - l ) s  + 2R (2.29)
Figure 2.29: Definitions used for calculation of particle radius in the proposed hexagonal deposition 
mode.
Assuming hexagonal packing (as illustrated in Figure 2.29), the layer separation, s , may 
expressed in terms of the particle radius:
4r2 = s 2 + R 2 : . s  = J 3 x R (2.30)
Substituting Eq. (2.30) for s in Eq. (2.31) and rearranging yields:
R = r, r ~ r — i (2.3 i)((n -l)x V 3 + 2 j
Using this treatment, it is possible to calculate an effective particle radius as a function 
of the number of layers for a given sample. Figure 2.30 shows a plot of the variation in 
particle diameter (2R) against the number of layers deposited for the 150 TBN and 350
TBN calixarate samples. The average of these values is 2.63 nm ±0.17 nm for the 150
TBN sample and 3.21 nm ±0.20 nm for the 350 TBN sample.
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Figure 2.30: Plot of particle diameter against the number of layers for 150 TBN and 350 TBN calixarate 
samples, using Eq. (2.31).
Sample Particle diameter from 
Langmuir trough /nm
Particle diameter from 
Langmuir-Blodgett film /nm
150 TBN calixarate 3.38 2.63
350 TBN calixarate 3.56 3.21
Table 2.8: Table comparing particle sizes determined by Langmuir trough and Langmuir-Blodgett 
techniques for 150 TBN and 350 TBN calixarate samples.
Table 2.8 compares the particles sizes determined by the Langmuir trough and 
Langmuir-Blodgett experiments for the 150 TBN and 350 TBN calixarate samples. The 
150 TBN particle diameter is markedly smaller from the Langmuir-Blodgett technique 
when compared with that determined using the Langmuir trough method. The 350 TBN 
particle diameter is also a little smaller than that obtained from the Langmuir trough, but 
the values are clearly converging with increasing TBN. The discrepancy in sizes may 
be due to differences in the deposition mechanism for this class of overbased detergent. 
If  the particles are non-spherical there will be an orientational aspect to the packing of 
the particles at the interface. If the orientation with respect to the water were altered on 
transfer to the hydrophobic substrate a difference in size would become apparent. If, for 
example, the particles were spheres then there would be no orientational difference 
between the monolayer on water and the multilayers on the substrate. Since the size
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difference between Langmuir trough and Langmuir-Blodgett techniques is less for the 
350 TBN sample, it may be that the higher TBN calixarate particle is more spherical. 
This may be rationalised by a larger spherical core (for the same number of calixarates) 
in the 350 TBN sample having a greater influence on the overall geometry of the 
particle than in the 150 TBN sample. This may once again be an example of restricted 
surfactant placement around the particle core due to the nature of the surfactant.
The 200 TBN phenate particles were also deposited as a Langmuir-Blodgett film using 
the same procedure as for the calixarate particles. In this case the effects of deposition 
at various surface pressure were investigated. Figure 2.31 shows the surface pressure, 
IT, vs. surface area, A, plot for the 200 TBN phenate. The lines running through the 
curve on either side of the critical surface pressure at IT =18.0, 22.0 and 23.5 mN m '1 
denotes the surface coverages chosen to deposit the particles onto the substrate. These 
points are on either side of close packing (the ‘knee’) and were chosen to explore the 
effects of water surface coverage on the nature of the LB film.
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Figure 2.31: The surface pressures at which monolayers of 200 TBN phenate were deposited onto a 
stearic acid coated silicon wafer.
The Langmuir-Blodgett film deposition of the phenate particles followed the same 
procedure as for the calixarate particles with steps in 2 layer intervals. Figure 2.32 
shows the thickness profile of the film along the length of the plate determined by
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ellipsometry. From the figure it is clear that the film thickness increased significantly 
with the increasing Langmuir surface pressure at which the monolayer was transferred 
to the substrate. However, the uniformity of the film does not follow this trend, with the 
film deposited at close packing (IIC) being the most regular.
Figure 2.33 shows a graph of the average layer thickness (the contribution from the 
stearic acid monolayer being subtracted) calculated from each step in the film. This 
shows that despite the greater regularity of the film deposited at the critical surface 
pressure, the film made at the higher surface pressure was consistently thicker for the 
various numbers of layers deposited. The film created at the lowest surface pressure 
would thus appear to be the least uniform, as might be expected.
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Figure 2.32: Ellipsometric profile scan for layers of 200 TBN phenate particles deposited on a coated 
silicon wafer at surface pressures of 18.0, 22.0 and 23.5 mN m'1.
The averaged value for the layer thickness plotted against the number of layers 
deposited can be converted to an equivalent particle diameter using Eq. (2.31). Figure 
2.34 shows the results of this treatment. The thicker the film, the more consistent the 
value of the film thickness. At all surface pressures the value for the particle diameter 
asymptotically approaches a constant value as the number of layers increases. This 
suggests that there is an initial stage in which the surface becomes more like the 
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particles being transferred. Alternatively it is possible that the results from the 3-phase 
model (Section 2.4.2) used to calculate the film thickness are sensitive to the presence 
of the stearic acid monolayer (perhaps due to a slight difference in the refractive index 
of the stearic acid compared to the refractive index of the overbased detergent particles). 
Therefore a few layers have to be deposited to minimise these effects.
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Figure 2.33: Variation in the phenate film thickness as determined by ellipsometry. The film thickness 
has been corrected for the underlying stearic acid layer. Plots are shown for films deposited at surface 
pressures of 18.0, 22.0 and 23.5 mN m'1.
Figure 2.35 shows a plot of the phenate particle diameter against the surface pressure at 
which the particles were deposited. Values have been averaged over the last five points 
of the graph in Figure 2.34, with error bars taken from the standard deviation of these of 
these points. This was done to eliminate the problem with the calculated layer thickness 
at lower film thickness. Figure 2.35 plots the limiting value of the particle diameter 
against applied surface pressure.
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Figure 2.34: Plot of phenate particle diameter as calculated from Eq. (2.31) against number of layers 
deposited. Results for films deposited at 18.0, 22.0 and 23.5 mN m'1 Langmuir surface pressures are 
shown.
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Figure 2.35: Plot of observed Langmuir-Blodgett particle diameter against surface pressure at which 
monolayer transfer was achieved. Error bars are calculated from the standard deviation of the observed 
particle diameter calculated from layers 8 through to 16.
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The observed particle sizes of 1.18 nm, 1.56 nm and 2.18 nm for deposition at 18.5 mN 
m '1, 22.0 mN m '1 and 23.5 mN m"1 are all considerably smaller than the value of 2.66 
nm calculated from the Langmuir trough results in Section 2.3.7. This may be due to a 
deviation from spherical geometry in the phenate particles causing a dependence of the 
observed particle size on the orientation of the overbased detergent particle at the water- 
particle interface and the silicon-stearic acid-particle interface. This hypothesis is 
consistent with previous work [6,13,29] which suggests that the geometry of overbased 
phenate particles is an oblate ellipsoid with a ring of stabilising sulphurised alkyl phenol 
molecules around an approximately spherical CaCC>3 core (see Figure 2.36). This 
proposed disc shape could account for the discrepancy in particle diameter as calculated 
from the Langmuir trough experiments and the Langmuir-Blodgett technique. At low 
surface coverage it is possible that the particles lie flat on to the water surface until the 
surface is constricted to the point where they begin to touch. Further compression 
would force the particles to tilt until they reach a surface pressure equal to the 
Helmholtz free energy required to remove the particle from the interface.
‘Side’ View. ‘Top’ View.
CaCO, core.
Stabilising 
surfactant shell.
Figure 2.36: Schematic diagram showing a proposed overall geometry for overbased phenate particles.
At even lower pressures the Langmuir trough experiment would produce a particle 
diameter equal to that of the ‘equator’ of the discoid while increasing the surface 
pressure would reduce this observed particle size as the particles increasingly tilt with 
respect to the surface.
If the particles were transferred to the substrate as illustrated in Figure 2.37, the reverse 
trend would be observed for the film thickness of the deposited particles. For example,
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increasing surface pressure at deposition would appear to increase the ‘size’ of the 
particle as the disc shape particles tilt upwards on the surface of the water. This idea fits 
the presented data, however there is obviously a need to take particles that are thought 
to be spherical in their geometry (such as overbased sulphonate particles) and to repeat 
this experiment. If there were little or no change in the apparent size of the particle over 
a similar range of surface pressures about the critical surface pressure, this would give 
more support this deposition hypothesis.
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Increasing 
surface pressure.
Apparently large 
particle.
Substrate (silicon 
wafer)
Apparently small 
particle.
Subphase (water)
Discus shaped 
phenate particle. Steanc acid
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High surface mm
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Apparently large 
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Figure 2.37: Proposed deposition mechanism for overbased phenate particles assuming a discus shaped 
particle geometry.
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/2.5: MASNMR Study of Detergent Systems.
2.5.1: Magic Angle Spinning Nuclear Magnetic Resonance.
Nuclear Magnetic Resonance (NMR) is a spectroscopic technique that utilises the 
response of the nucleus to a magnetic field [28]. Any nucleus that possesses spin 
angular momentum, with spin quantum number /, has 2/+1 orientations of the spin 
vector in the magnetic field, B , which are non-degenerate (see Figure 2.38).
Energy
Figure 2.38: Energy levels for a spin-1/2 nuclei (/=l/2) in a magnetic field B, or represents the more 
stable spin state, mf=+1/2 and ft  the upper spin state mj=-\l2.
Transitions between these states can be excited by electromagnetic radiation at 
particular resonant frequencies. A typical NMR experiment holds a sample in a 
magnetic field, applies electromagnetic radiation of varying frequency and records the 
frequencies at which resonance occurs. Since the spin energy levels of the nuclei are 
affected by the local magnetic field, which is in turn affected by the atomic structure of 
the sample, observing the resonant frequencies within a sample allows the elucidation of 
the molecular structure.
To resolve the structure of a sample the resonant frequencies are compared to that of a 
sample (usually tetramethylsilane, TMS, for both !H and 13C NMR), the difference in 
resonant frequencies being defined as the chemical shift, S. Figure 2.39 shows the 
typical range of chemical shifts for 13C, the nuclei of interest here, for different nuclear 
environments within a molecule.
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Figure 2.39: Typical range of chemical shifts for 13C NMR under different nuclear environments. The * 
defines the carbon to which the chemical shift applies.
Figure 2.40: Definitions of geometry for the dipole dipole interactions between two nuclei, in polar 
coordinates.
Magic angle spinning nuclear magnetic resonance (MAS NMR) [28], the technique 
applied here, is a NMR technique used to study samples in the solid state. In the solid 
state intramolecular dipolar interactions cause the spectra obtained by NMR to become 
broad and featureless, a problem not found in the NMR of non viscous liquids since 
isotropic tumbling of the molecule in question averages these interactions to zero. The 
broadening due to dipolar interactions contains a term, (3 cos2#- 1), where # is  one of 
the angles defining the dipolar interaction of two nuclei (see Figure 2.40). It is this term
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that is averaged to zero by molecular motions in a liquid and in MAS NMR this term is 
reduced to zero by spinning the sample at an angle of 54.7° to the magnetic field.
2.5.2: Cross Polarisation (CP) and Non-quaternary Suppression (NQS).
As well as spectral broadening due to dipolar interactions, 13C MAS NMR also suffers 
from the relatively low natural abundance of 13C (1.1%) compared with the NMR
19insensitive C isotope. This phenomenon, known as ‘dilute spins’, causes energy to 
flow between the nuclear spin and other degrees of freedom causing a long spin-lattice 
relaxation time and broad spectral features. This has been overcome by a technique
1 o i
which derives the C magnetisation from the H spins by using a pulse sequence to 
make the effective energies of the !H and 13C comparable, thereby allowing a rapid 
transfer of magnetisation. This technique is known as cross polarisation and is used in 
all of the experiments whose results are presented here [28].
By altering the pulse sequence used in CP-MAS NMR another useful technique known
as non-quaternary suppression (NQS) can be employed. This pulse sequence exploits
11the fact that quaternary C has a relatively narrow coupled spectra compared to non- 
quaternary 13C allowing preferential suppression of the non-quaternary carbons. Since 
the narrow coupled spectra of quaternary carbons is used in this technique, any other 
situation resulting in narrow carbon lines, whether the carbon is protonated or not, also 
gives a signal in the NQS spectra. One example of this is a methyl carbon, which 
produces narrow lines due to rapid internal motion.
2.5.3: Samples and Spectra.
Table 2.9 details the samples and NMR experiments. Figure 2.41 shows the MAS 
NMR spectra for the 400 TBN phenate and stearate system at 261.3 K. The plot shows 
a characteristic set of sharp peaks in the range 1 0 - 5 0  ppm, corresponding to the alkyl 
tails of the surfactants surrounding the CaC0 3  core. These peaks are much sharper than 
the peaks at higher S  values, which correspond to carbons found in the surfactant head 
groups and the carbonate. The comparative sharpness of the alkyl tail peaks reflect the 
greater mobility of the alkyl tails allowing thermal motion to average dipolar 
interactions to zero. The particularly sharp peak at -30 ppm is probably due to the 
many similar and mobile carbons of the stearate molecule. Peaks above 60 ppm are 
characteristically broad due to the immobile and amorphous nature of the core material. 
The peak at -63 ppm should correspond to mono ethylene glycol and other alcohol
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molecules that are relatively immobile. Broad peaks at -124 and -135 ppm correspond 
to benzyl carbons in the phenate surfactant, this large value in the chemical shift being a 
result of ring currents set up in the aromatic rings. A slightly sharper peak at -168 ppm 
corresponds to the carbon found within the CaCC>3 core, whilst the peak at -185 ppm is 
associated with the carbonyl carbon of the stearate.
Sample Fig.
Number
T/K 5 range 
/ppm
Number
repetitio
ns
Spin 
rate /Hz
NQS
phenate + stearate 2.40 263.1 0-260 500 4080 No
phenate + stearate 2.41 403.1 0-260 1200 4600 No
phenate + stearate 2.42 263.1 0-260 500 4600 Yes
150 TBN calixarate 2.43 263.1 0-260 500 3850 No
350 TBN calixarate 2.44 263.1 0-260 600 3950 No
200 TBN phenate 2.45 Ambient 50-250 11 000 8660 No
salicylate + stearate 2.46 Ambient 50-250 15 000 8300 No
calcite 2.47 Ambient 0-260 60 4416 No
aragonite 2.48 Ambient 0-260 60 4240 No
Table 2.9: Samples and NMR spectra discussed in the text.
Figure 2.42 shows the NMR spectrum of the same 400 TBN phenate and stearate 
sample as in Figure 2.40, but at an elevated temperature of 403.1 K. The spectrum 
shows essentially the same features as the low temperature spectrum, however the alkyl 
carbon peaks have become much sharper, whilst the peaks associated with the core 
material and surfactant head groups appear much broader and more featureless. This is 
a result of the higher temperature causing the alkyl tails of the surfactants to move more 
vigorously with a dramatic sharpening of the peak as dipolar interactions are more 
effectively averaged to zero. Stearate tail carbons will be most prone to increased 
thermal agitation since they will be the least sterically hindered, the result of this is that 
the peak at -30 ppm shows the greatest increase in sharpness and size between the low 
and high temperature spectra. The peaks corresponding to the core material have not 
sharpened to the same extent since an increase in temperature will not increase the 
thermal motion of the corresponding carbons to the same extent as the alkyl carbons.
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Figure 2.41: Low temperature MAS NMR spectrum of the 400 TBN mixed phenate stearate system.
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Figure 2.42: High temperature MAS NMR spectrum of the 400 TBN mixed phenate stearate system.
Figure 2.43 again shows a low temperature (261 K) NMR spectrum of the same sample 
as Figures 2.41 and 2.42, however NQS has been used in this experiment, and the 
spectrum has been split into protonated and deprotonated carbon components. The 
same general features are seen as for the non-NQS experiment. The protonated 
spectrum is now much more featureless above -70 ppm since the majority of the 
carbons in the core are quaternary carbons. Very broad peaks at -123 and -135 ppm 
correspond to the protonated carbons of the aromatic rings of the phenate surfactant. A
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sharper peak at -60 ppm, which does not appear in the non-protonated spectrum, 
supports the assignment of this peak to mono ethylene glycol or alcohol carbons that are 
protonated. Peaks between 10 and 50 ppm, assigned to the alkyl tails of the surfactants, 
appear in both the protonated and non-protonated spectra. This should be expected due 
to the mobile nature of the tail carbons causing a signal to persist through the pulse 
sequence used in the NQS experiment. Peaks at -123 and -135 ppm correspond to aryl 
carbons in the phenate molecule which are not protonated, whilst peaks at -168 and 
-185 are assigned as for the non-NQS spectra as the carbonate carbon and the stearate 
carbon.
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Figure 2.43: Low temperature MAS NMR spectrum of the 400 TBN mixed phenate stearate system, split 
into protonated and deprotonated components of the spectrum by NQS.
Figure 2.44 shows the low temperature (261 K) MAS NMR spectrum of the 150 TBN 
calixarate sample. The overall features of the spectrum are similar to those found in the 
previous 400 TBN phenate/stearate spectra. Peaks below -60 ppm, corresponding to 
the alkyl tail carbons, appear broader than corresponding peaks of the 400 TBN 
phenate/stearate system. This is probably due to lower mobility of the calixarate tails 
when compared to the highly mobile tail of the stearate molecules. The peak at -76 
ppm is assigned to either the carbons of monoethylene glycol or of residual 2-ethyl 
hexanol from the manufacture process. Peaks at -126 ppm and -149 ppm are assigned 
to benzyl carbons of the calixarate surfactant, whilst the peak at -168 ppm corresponds 
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to the carbonate carbon. This carbonate peak is shifted by almost exactly the same 
amount as for the 400 TBN phenate/stearate system, suggesting the carbonate 
environment in the mineral core is similar for both samples. The spectrum also includes 
a peak at -179 ppm, similar to the peaks at -185 ppm of the previous spectra. This 
peak was not predicted since stearic acid was not included in the manufacture of the 
sample. The origin of the peak may only be speculated upon. It could be due to the 
calcium acetate used to aid the original reaction, or to the oxidation of 2 -ethyl hexanol 
to the corresponding carboxylic acid, which was subsequently incorporated as a co­
surfactant. The latter of these two seems the most likely since the peak at -179 ppm is 
relatively large and calcium acetate is only present in low concentrations.
2 2 0 1B0 140160 1 20 ao 4 0 0100 6 0 20 ppm
Figure 2.44: Low temperature MAS NMR spectrum of the 150 TBN calixarate system.
Figure 2.45 shows the low temperature (261 K) MAS NMR spectrum of the 350 TBN 
calixarate sample. The spectrum shows almost exactly the same features as the lower 
TBN calixarate spectrum, including the peak at -179 ppm assigned to the carboxylic 
acid derived from oxidation of 2-ethyl hexanol. The carbonate peak, again at -168 
ppm, is slightly larger and broader than that seen in the 150 TBN calixarate spectrum, 
perhaps reflecting the greater amount of CaC0 3  in the mineral core. What is clear, 
however, is that both samples are composed of the same species despite different levels 
of overbasing.
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Figure 2.45: Low temperature MAS NMR spectrum of the 350 TBN calixarate system.
Figure 2.46 shows the spectrum obtained from the 200 TBN phenate sample. The scale 
of the spectrum presented runs from 50 ppm to 240 ppm. This was done to focus on the 
peaks corresponding to the core material. The general features of the spectrum above 
60 ppm do not differ greatly from previous spectra. The -63 ppm peak, assigned to 
mono ethylene glycol or 2 -ethyl hexanol, is still present reflecting the persistence of 
these species despite the solvent removal process. Peaks between 110 and 160 ppm 
have been assigned to the benzyl carbons of the phenate. The carbonate peak is present, 
again at a chemical shift of -168 ppm. The peak at -183 ppm, in the absence of stearic 
acid in the manufacture process has been assigned to calcium acetate or the oxidation 
product of 2 -ethyl hexanol.
Figure 2.47 shows the ambient temperature MAS NMR spectrum of the 400 TBN 
salicylate/stearate system, again focusing on the mineral core peaks. This spectrum 
does not show a significant peak at chemical shifts of between 60 and 80 ppm, 
suggesting that any alcoholic co-solvents used in the manufacture of this sample have 
been effectively removed. The benzyl carbon peaks of the salicylate molecule appear in 
the range 1 1 0  - 160 ppm, but appear to be less significant than the much larger peaks at 
-168 and -185 ppm corresponding to the carbonate and stearate. This would suggest 
that the amount of salicylate present in the sample is low compared to the carbonate and 
stearate.
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Figure 2.46: Ambient temperature MAS NMR spectrum of the 200 TBN phenate. The spectrum focuses 
on peaks above 60 ppm.
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Figure 2.47: Ambient temperature MAS NMR spectrum of the 400 TBN mixed salicylate and stearate 
system. The spectrum focuses on peaks above 60 ppm.
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Figure 2.48: Ambient temperature MAS NMR spectrum of the calcite form of CaC03.
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Figure 2.49: Ambient temperature MAS NMR spectrum of the aragonite form of CaC03.
Figure 2.48 shows the ambient temperature spectrum of the calcite form of CaCC>3. The 
spectrum is composed of a single very sharp peak at 168.45 ppm, reflecting the single 
carbonate environment in a crystalline sample.
Figure 2.49 shows the spectrum obtained from the aragonite phase of CaC0 3 , this time 
with a single sharp peak at 170.90 ppm. The slightly different chemical shifts of the
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carbonate peak for calcite and aragonite are due to differing local environments of the 
carbons within each crystal. The primary difference between these local environments 
is that the calcite has carbonate groups with a higher degree of symmetry than the 
aragonite. The different atomic geometries were taken from x-ray crystallographic 
studies [31,32] and are expressed in diagrammatic form in Figure 2.50. All overbased 
systems showed a broad carbonate peak centred at 168 ppm, which would suggest that 
the local carbon environment of the carbonate in the mineral core of the detergent 
particle is more akin to that of the calcite form of CaCC>3 (the most thermodynamically 
stable form of crystalline calcium carbonate). This does not necessarily mean that the 
core material is a crystal of calcite, but rather that the ‘average’ environment of the 
carbonate groups have more or less equal bond lengths and angles and a planar 
geometry, a characteristic shared with calcite rather than aragonite.
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Figure 2.49: Diagram showing the geometry of the carbonate group in calcite and aragonite. The 
improper dihedral describes the out of plane nature of the carbon to the oxygen atoms.
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2.6: Summary and Discussion.
A 200 TBN phenate overbased detergent was manufactured using a procedure that 
differed from previous syntheses of this class of overbased detergent. Instead of a ‘one 
pot’ reaction where the surfactant is produced in situ before being overbased, a pre­
formed phenate surfactant was used as the starting material. The sample was 
characterised by a Langmuir trough experiment that gave a particle size of 2.66 nm and 
a contact angle of 115.0°, consistent with a range of overbased phenate detergents from 
a previous study [6,13], manufactured via the ‘one pot’ process. This would suggest the 
two different synthetic routes do not result in different products. Therefore the 
characteristics of the final product seem to be insensitive to precise synthetic procedure. 
The reproducibility of these syntheses suggests that the overbased products are 
thermodynamically stable. If they were the products of a nucleation/growth mechanism 
one would expect a wide spread of particle sizes and a sensitivity to small changes in 
reaction conditions.
A completely new class of overbased detergent was synthesised using only j9-dodecyl 
calix[6]arate as the surfactant. Three samples were produced corresponding to low, 
middle and high levels of overbasing, with total base number values (TBN) of ca. 150, 
250 and 350. The samples were readily isolated from the base oil and Langmuir trough 
experiments provided particle diameters of 3.38, 3.47 and 3.56 nm for the low, middle 
and high TBN samples respectively. These particle diameters are greater than those 
observed for phenate particles with the same TBN. This is probably due to the large 
size and high phenolic functionality of the individual calixarate surfactants that are used 
to stabilise the overbased detergent particles. Particularly high contact angles of -125° 
were derived for all calixarate samples assuming spherical particles. Using existing 
theory based on spherical particles this suggests that these are highly hydrophobic 
particles, or that the model used to calculate the contact angles fails to account for the to 
deviation of the calixarate particles from a spherical shape.
The mixed calixarate/stearate surfactant system was synthesised and analysed for 
calcium content and total base number, TBN. This relatively new class of overbased 
detergent proved to be unstable to extraction from base oil using a wide selection of 
polar solvents. Consequently, characterisation by Langmuir trough experiments was not 
possible and nothing, to date, is known about the dimensions of these particles.
82
Two further commercial overbased detergent samples were isolated from their base oil 
carriers. These were a 400 TBN mixed phenate stearate sample and a 400 TBN mixed 
salicylate stearate sample. The Langmuir trough experiment provided particle 
diameters of 4.73 and 5.08 nm and contact angles of 108.8° and 105.4° respectively. 
The particle sizes were greater than the single surfactant phenate and calixarate samples, 
which one would expect with co-surfactants and this explains the increased level of 
overbasing. The presence of the longer chained stearate surfactant compared to the 
propylene tetramer also must have increased the effective diameter. Force distance 
calculations that were obtained from the Langmuir trough data suggested that the larger 
double surfactant systems were more easily compressed than the smaller single 
surfactant systems. This was possibly due to the presence of long flexible stearate tails 
being able to deform and interpenetrate to a greater extent than the shorter branched 
tails of the phenate and calixarate surfactants.
I have suggested that the apparent contact angles were perhaps too high for the phenate 
and calixarate samples. This might be explained as a failure in the model used to 
calculate the contact angles, which is only valid for spherical geometry. Particle shapes 
that reduce the area of contact between water and particle would give rise to an 
overestimation of the contact angle. The apparently high contact angles of the phenate 
and calixarate samples when compared to spherical sulphonate particles [22,30] support 
the hypothesis that phenate particles are oblate ellipsoids [6,13,29] and that the 
calixarate particles are also not spherical.
A novel application of the Langmuir-Blodgett film formation technique to overbased 
detergent systems provided complimentary particle sizes to the Langmuir trough 
experiments. Thin films were made for the 200 TBN phenate sample and the 150 and 
350 TBN calixarate samples by deposition onto stearic acid covered silicon, and 
characterised by ellipsometry. The calculated particle sizes of 2.63 and 3.21 nm were 
found for the 150 and 350 TBN calixarate samples respectively, values that are both 
below those derived from the Langmuir trough experiments. It was hypothesised that 
the difference in particle size obtained from the Langmuir trough and the Langmuir- 
Blodgett films is due to the sensitivity of each technique to different aspects of the 
aspherical particle. This being the case, it would appear that the high TBN calixarate is 
closer to spherical than the low TBN sample since the dimensions acquired by each 
particle sizing technique are more similar. The 200 TBN phenate sample was deposited
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onto the substrate at a range of surface pressures corresponding to points just before, at, 
and just above the critical surface pressure (usually associated with close packing of the 
particles). This resulted in films of increasing thickness and corresponding particle 
diameters of 1.18, 1.56 and 2.18 nm for deposition at surface pressures of 18.5, 22.0 and 
23.5 mN m '1 (22.0 mN m '1 being the critical surface pressure). The difference in 
particle diameters derived from the Langmuir trough study (2.66 nm) and the Langmuir- 
Blodgett experiments can possibly be attributed to the aspherical nature of the particles. 
There was an apparent increasing diameter of the particles with surface pressure at 
which deposition occurred. This was explained in terms of a tilting of the oblate 
ellipsoidal particles from parallel to the surface to perpendicular to the surface with 
increasing surface pressure, prior to deposition onto the substrate, therefore creating 
increasingly thicker Langmuir-Blodgett films.
13C CP-MAS NMR experiments produced spectra for the overbased detergents which 
had sharp peaks in the range 1 0 - 5 0  ppm, corresponding to the alkyl tails of the 
surfactants, and peaks above 60 ppm assigned to mineral core material and surfactant 
head groups. MAS NMR experiments support the reverse micelle picture of these 
particles since peaks associated with the alkyl tails of the surfactants showed, with 
increasing temperature, a greater increase in peak sharpness relative to the core material, 
suggesting greater mobility of these parts of the particle. Peaks in the 60 - 80 ppm 
range were assigned to the presence of residual mono-ethylene glycol and 2-ethyl 
hexanol from the synthesis process. Benzyl carbons of the surfactant head groups 
showed characteristic peaks in the range 110 - 150 ppm range, while a broad peak 
centred at -168 ppm, associated with the carbonate carbon, was present in all overbased 
detergent samples. Samples which included stearate as a co-surfactant showed a peak at 
a chemical shift of -185 ppm. The phenate and calixarate samples also showed a peak 
at high chemical shifts of -182 and -179 ppm respectively. These chemical shifts are 
consistent with the carbon of a carboxylic acid group. Therefore these peaks have been 
assigned to the stearate molecule, in the systems which include stearate as a co­
surfactant. The 200 TBN phenate system and the calixarate samples, however, do not 
include stearic acid, hence this peak could originate from either calcium acetate or the 
oxidation of alcohols (present as co-solvents in the synthesis) to the corresponding 
carboxylic acid. These oxidation products are then incorporated into the particles as a 
co-surfactant. MAS NMR spectra of the calcite and aragonite forms of CaCC>3 
produced single sharp peaks at 168.45 and 170.90 ppm, respectively. The similarity in
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the shift of the carbonate peak between calcite and overbased detergent samples 
suggests that the carbonate group is largely undistorted in the core.
The origin of the 182 ppm and 179 ppm peaks in the phenate and calixarate samples 
respectively are something of a mystery, as is the precise state of the calcium carbonate 
in the core. There could be another carbonate environment not found in bulk CaC0 3 . 
There could be a mixture of CaC0 3  forms present. It is known that the precipitation of 
CaCC>3 from supersaturated solution first produces the metastable forms, aragonite or 
vaterite and not the stable calcite [33]. There could be a mixture of different calcium 
carbonate forms in the core.
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3.1: Introduction.
Molecular quantum mechanics is the science that relates molecular properties to the 
interactions and motion of electrons and nuclei. The Schrodinger equation, developed 
in 1925 [1], forms the basis of theoretical chemistry and its solution allows the 
prediction of many chemical properties using very few input parameters. This 
fundamental approach to chemistry relies on an ab initio (meaning ‘from the 
beginning’) procedure, which only relies on experiment to obtain a fundamental set of 
inputphysical constants.
This chapter deals with the optimisation of the geometry and charge distribution of the
surfactant head groups, through the application of ab initio quantum mechanical
calculations for use in a Molecular Dynamics simulation of detergent reverse micelles.
Thermodynamic properties were also calculated to yield the relative acidities of some of
the common surfactant groups present in an attempt to quantify the relative reactivity of
these species with respect to the overbasing procedure. Calculations were also
performed to study 13C shielding constants for comparison with, and to confirm 
1 ^assignments of, C MASNMR results presented in Chapter 2. Attention is paid to the 
CO 3  ' ion in the crystalline calcium carbonate forms (Aragonite and Calcite) and 
amorphous carbonate found in the detergent core to elucidate the carbonate 
environment.
Quantum mechanical theory has been widely described and is documented elsewhere
[2,3], hence the discussion is confined to concepts relevant to the present calculations. 
This includes a discussion of the basis sets used in the quantum mechanical calculations, 
which have a direct bearing on the interpretation of any results. There is also a 
discussion of Mulliken population analysis, which has been used to the assign the point 
charges in the surfactant headgroups. Geometry optimisation is also discussed as many 
of the simulation results are based on calculations made with the optimised structures.
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3.2: Quantum Mechanical theory.
3.2.1: Basis Sets.
The choice of the basis set for an ab initio calculation is the most important aspect of 
the technical procedure as it can greatly affect the accuracy and computational speed of 
the calculation [2,3]. More basis functions generally give greater accuracy but require 
increasingly more intensive calculations.
The work that is reported in this chapter uses only minimal (STO-KG) and split valence 
(K-LMG and K-LMNG) basis sets [4-25]. Minimal basis sets are those with the correct 
number of functions required to accommodate all electrons whilst preserving spherical 
symmetry. For example the hydrogen atom is described only in terms of a Is orbital 
while the carbon atom is described by Is, 2s, 2px, 2py, 2pz orbitals. Although the carbon 
atom does not have completely filled p orbitals, all p orbitals are required to preserve 
spherical symmetry. The notation STO-KG signifies the functions are Slater type 
orbitals expanded in terms of a number Gaussian primitives, K. Minimal basis sets are 
computationally efficient but have several deficiencies. Since the atomic basis 
functions are apportioned according to the position of the element in the Periodic Table, 
elements with fewer electrons in their valence shell are better described than elements in 
the same row with more electrons in their valence shell. Further, fixed Gaussian 
exponents dictate that the orbital is unable to expand or contract, with undesirable 
consequences when studying molecular environments requiring greater flexibility. 
Finally minimal basis sets are poor at describing anisotropic charge distribution, and 
hence polar molecules, since spherical symmetry is preserved. This leads to inaccurate 
calculations of optimum geometry and energies.
To circumvent the problems of minimal basis sets, split valence basis sets may be used. 
Split valence basis sets allow a greater number of valence functions per orbital. Hence 
the hydrogen atom may be described by two Is functions allowing expansion and 
contraction of the orbital by combining both s-type functions in various proportions. 
This simultaneously corrects the problem of fixed Gaussian exponents in minimal basis 
sets and allows a better description of all atoms regardless of the number of valence 
electrons. If p and d orbitals are also described by multiple functions then polar 
molecules and anisotropic charge distributions are possible i.e. differing px, py and pz
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orbitals. Figure 3.1 displays the different methods of describing orbitals between 
minimal and split valence basis sets.
Minimal Basis Set: Split Valence Basis Set:
H and He: Hand He:
Is Is', Is"
Li-Ne: Li-Ne:
Is Is
2s,2px,2py,2pz 2 s' ,2 s "  ,2px', 2px'',  2py' ,2py'',  2pz' ,2pz
Figure 3.1: Comparison of Minimal and Split Valence basis set descriptions of core and valence orbitals.
The notation K-LMG and K-LMNG (for example 6-31G and 6-311G) is as follows; K 
denotes the number of gaussian primitives used in the description of the core orbitals 
while L, M and N are the number of functions used to describe the (split) valence 
orbitals.
Basis set accuracy may be further enhanced by the inclusion of so-called polarisation 
and diffuse functions. Polarisation functions provide for the displacement of charge 
away from the nuclear centres and hence accommodate polarisation effects. This 
provision for charge displacement is achieved by the inclusion of functions of higher 
angular quantum number, i.e. the addition of p-type functions on hydrogens and d-type 
functions on heavy atoms (f-type functions may also be included for valence d 
electrons). The notation for polarisation is as follows: K-LMG* (e.g. 6-31G*) for the 
addition of d-type (or f-type) functions on heavy atoms and K-LMG** (e.g. 6-31G**) 
for the addition of p-type functions to hydrogen and helium atoms. Diffuse functions 
have been developed to accommodate molecules with significant electron density far 
removed from the nuclear centres. This has particular relevance for anionic systems or 
any situation where low electron affinities are encountered and is dealt with by the 
inclusion of a single set of diffuse gaussian s- and p-type functions. The notation for the
92
inclusion of diffuse functions is K-LM+G (e.g. 6-31+G). It is also possible to combine 
diffuse and polarisation functions (e.g. 6-31+G**).
The most common basis functions used in the calculations have been STO-3G [4,5], 3- 
21G [6-11], 6-31G [12-16] and 6-311G [17-24]. Some calculations also made use of 
diffuse functions (e.g. 6-311+G) [25].
3.2.2: Mulliken Population Analysis.
One of the main aims of this chapter was to find a good description of the charge 
distribution for the various species being studied, to be used in Molecular Dynamics 
simulations of the overbased detergent reverse micelles. Obtaining atomic point 
charges for all atoms in the molecules under study is the realm of Mulliken Population 
analysis. This analysis begins with the definition of an electron density function, p(r), 
which is a three-dimensional function such that f(r )d r  is the probability of finding an 
electron in a volume of space, dr, at a point, r. If n is the number of electrons it must 
follow,
The electron density function, may also be cast in terms of a density matrix, P^ >, 
and the basis functions fa
where the summation is over the occupied molecular orbitals and cm are the molecular 
orbital expansion coefficients. The * denotes a complex conjugate and the factor of two 
is a consequence of two electrons residing in each molecular orbital. Integration of the 
expression in Eq. (3.3) leads to,
the magnitude of which, [S^, expresses the degree of overlap between basis functions
(3.1)
N  N
pir)=YT.p^ A (3.2)
where,
occ
= 22 » „ (3.3)
1=1
(3.4)
where S^, is the overlap matrix,
(3.5)
as a value between 0 and 1. Hence all diagonal terms (//=  v) are equal to unity and all
off diagonal elements of the matrix lie between 0 and 1, with greater overlap 
corresponding to increasing values of ISJ.
From these matrices we can define some useful charge population characteristics such 
as the net population, overlap population, gross population and gross atomic population. 
The net population refers to electrons associated with the basis function (f^ . Since all 
diagonal terms of the overlap matrix, S are equal to unity, the net population for a 
given basis function, <j>^ is simply the corresponding component of the density matrix, 
P v^, i.e. the number of electrons associated with a particular basis set. Off-diagonal 
components of Eq. (3.4) occur in pairs of equal magnitude, and PV^>VM, the sum 
of which is known as the overlap population,
QMv = PMvSMv + PyMSvM = 2p s Mv (p * v) (3-6)
The gross population for a given basis function, is defined as the net population, 
plus half of the overlap population for that basis function,
= Pm + Y ,p^ s ^  (3 J )
This equal partition of the overlap population is arbitrary. A gross atomic population 
may now be defined by summing the gross population of each basis function that 
resides on the atom, A,
(3-8)
Assuming the basis functions are all atom centred we can now express a point charge 
for each atom as the nuclear charge, Za, minus the gross atomic population,
CA =ZA- q A (3.9)
The sum of all the atomic charges must equal the total charge on the molecule.
3.2.3: Geometry Optimisation.
The geometry of gas phase molecules may be optimised from a good initial 
specification of the molecular geometry. This process is started by a single point 
calculation of the molecule given a starting geometry, normally in the form of bond 
lengths and bond angles (Z-matrix). The single point calculation begins with a 
calculation of the symmetry information for the molecule from Cartesian coordinates (if 
the geometry is expressed in terms of internal units then these need to be converted to 
Cartesian coordinates before the calculation proceeds) resulting in a space group being
94
assigned. Assignment of the space group helps reduce the computational cost of the 
calculation by using symmetry operations to reduce the number of calculations required. 
Following this the specification of the basis set is used to begin the calculation of the 
one electron overlap integrals, kinetic energy integrals, potential energy integrals and 
the two electron integrals for the solution of the Roothan-Hall equations. These are a 
set of algebraic equations written in terms of the molecular orbital expansion 
coefficients, c^, which are independently derived for the closed-shell wavefunction by 
Roothan and Hall [26,27]. Before the self-consistent field (SCF) can be solved, a good 
estimate of the wavefunction of the density matrix (Eq. 3.2) is required. An iterative 
process is then required to solve the Roothan-Hall equations and achieve the SCF. 
Having obtained the SCF, a calculation of the energy gradients is performed in 
Cartesian space and these values used to test a convergence criterion for the solution of 
the equilibrium geometry. If these convergence criteria are failed the molecular 
geometry is varied according to the energy gradients and the SCF recomputed using the 
previous Hartree-Fock calculation as the initial guess for the density matrix. This 
process is repeated until the convergence criteria for geometry optimisation are met and 
the resulting geometry and population analyses are output.
3.2.4: Software and Platforms.
Throughout this chapter all ab initio calculations were performed using the 
GAUSSIAN94 [28] suite of programs implemented on a SG Power Challenge at the 
University of Surrey Computer Centre.
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3.3: Calculation of Charge Distribution.
3.3.1: Geometry Optimisation.
The main objective of the ab initio quantum mechanical calculations was to obtain the 
charge distribution in the surfactant head groups which could be included in the 
Molecular Dynamics simulations. Before this was possible, however, the equilibrium 
geometry of the designated head group needed to be found to high precision. To this 
end, the head group geometry was optimised using the techniques described in Section 
3.2.3, but even before this, a fairly accurate initial description of the geometry was 
required to save on the computational cost and to ensure the correct structure was 
obtained during the ab initio calculations. The first estimate of the surfactant geometry 
was acquired by building the molecule and optimising the structure using commercial 
molecular mechanics packages from BIOSYM. The packages INSIGHTII and 
DISCOVER (2.9) were run on a Silicon Graphics IRIS INDIGO XZ4000 workstation in 
the Chemistry Department of the University of Surrey. The technique of molecular 
mechanics employs a forcefield to calculate the potential gradient at each of the atoms 
in the system to be studied. Then various iterative minimisation procedures are used to 
obtain a structure which is optimised to a pre-set convergence criteria with respect to the 
change in the energy of the system as the atoms are moved. The forcefield used was the 
so-called CVFF (Consistent Valence Forcefield) of Dauber-Osguthorpe et al. [29], 
which is an all atom forcefield (including explicit hydrogens) originally used to model 
proteins. Having obtained the geometry of the head groups to a fair level of accuracy, 
the new structures were cast in the form of a Z-matrix. This describes relative atomic 
positions in terms of internal coordinates (bond length, bond angle and torsion angle) 
before being optimised using the software package GAUSSIAN 94 [28]. Various 
different basis sets of increasing complexity were employed and the charge distribution 
was then taken as the Mulliken population analysis of the resulting structure.
3.3.2: Surfactant Head Group Units.
Optimisation of the structure of an entire surfactant molecule is a formidable 
computation, and the highly flexible nature of the aliphatic tail group makes the 
isolation of the lowest energy conformer taxing. The head group of the surfactant needs 
the greatest level of descriptive detail, since it is this portion of the molecule closest to 
the CaC0 3  core. The head groups of various surfactants were defined to be the section 
of the surfactant most likely to exhibit the greatest anisotropic charge distribution.
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Surfactants containing phenolic head groups were then ‘detached’ from the aliphatic 
tail, to within one carbon of the aromatic ring. Stearic acid was truncated to within two 
carbons of the carbonyl carbon. Since the surfactant headgroups are thought to interact 
mainly with CaCC>3, the portion of each molecule modelled was deprotonated at the 
most likely position and a Ca2+ ion included, which was allowed to adopt any position 
found during the minimisation procedure at both the molecular mechanical and quantum 
mechanical level. Including calcium in the quantum mechanical calculation posed a 
problem as this atom was not included in the larger basis sets. To achieve an accurate 
optimisation of the structure of the surfactants and a good description of the atomic 
charge distribution, basis sets of increasing complexity were required. Since the 
calcium ion is not generally included in basis sets beyond 3-21G, it was necessary to 
perform calculations using mixed basis sets. This was achieved using a less 
complicated basis set for the calcium atom (e.g. 3-21G) while an enhanced description 
of the 1st, 2nd and 3rd row elements was preserved by using the larger basis sets (e.g. 6- 
31G).
Figure 3.3 shows the molecules for which the electron distribution was calculated. 
Deprotonated p-methyl phenol and p-methyl phenol have been included as an aid to the 
assignment of the point charges for calixarene molecules by considering the calixarenes 
as a mixture of the protonated and deprotonated phenolic units joined by bridging 
carbons in the relevant positions. This was undertaken since the calculations required to 
give a good description of the calixarene molecules (especially the larger and less 
constrained 6, 8 and 10 membered calixarenes) would have involved prohibitively long 
calculations, with no guarantee of convergence for the large basis sets. Geometry 
optimisation calculations for the four membered calixarene were made with more 
primitive basis sets.
3.3.3: Charge Distribution Calculations.
Molecular Dynamics simulations of the nano-colloidal particles of overbased detergents 
require a forcefield. The forcefield chosen was the AMBER united atom forcefield of 
Weiner, Kollman et al. [30,31] (see Chapter 4.). This forcefield was originally 
formulated to simulate proteins and nucleic acids and the atomic charge distributions are 
optimised for these systems. Since charge distribution is dependent on each molecule 
and the geometry of that molecule, it is unsatisfactory to apply the charges calculated 
for the AMBER forcefield to the surfactant head groups studied here in a rigorous and
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sensible fashion. To bridge the gap between the charges of the biological systems of the 
AMBER forcefield and the surfactant head groups typically found in overbased 
detergents, ab initio calculations were performed on the molecular fragments shown in 
Figure 3.3.
a)
-
° 0  02+
Ca
b)
HO'
o  o
Ca
2+
c)
O o
Ca
2+
d)
O
Ca
2+
e) f)
o OH
g)
or2+
Ca O
Figure 3.3: Molecular fragments for which the calculations of the charge distributions were made, a) 
sulphonate anion including calcium ion, b) salicylate anion including calcium ion, c) phenate anion 
including calcium ion, d) phenolate anion including calcium ion, e) phenolate anion, d) p-methyl phenol 
and g) propanate anion including calcium ion.
The Mulliken charge distributions and the equilibrium gas phase geometries for all 
surfactant head groups of interest are shown in Figures A.1-A.7 and Tables A.1-A.7 in 
Appendix A. The choice of the most appropriate basis set to calculate the charge 
distribution is difficult since comparison with experiment is limited to a study of the 
dipole moments. Although there are no experimental results for the dipole moment of 
the molecular fragments studied here, it has been observed that split valence basis sets 
and polarisation functions usually provide accurate dipole moments (page 336 of 
Reference [2]), and a good better description of the charge distribution. Consequently, 
calculations made using the 6-31G** basis set were used to define the charge 
distribution.
The total dipole moments did not vary greatly with the choice of basis set for each 
optimised system and are generally high with the lowest and highest values typically 
within ~2 D for each surfactant headgroup. Increasing the complexity of the basis set 
98
from STO-3G to 6-31G** tended to increase the charge separation between bonded 
atoms, resulting in greater charges on individual atoms as the number of basis functions 
increased and polarisation functions were included. This is most likely a result of the 
inclusion of polarisation functions, whose function is mainly to allow for the 
displacement of charge from the atomic centre, and hence the possibility of carrying a 
greater atomic charge.
The forcefield used in the Molecular Dynamics simulations was of the united atom 
variety, which involves the amalgamation of hydrogen atoms into heavier pseudo­
atoms. This procedure reduced the computational cost of a simulation. Consequently, 
all charges calculated for hydrogens were absorbed into the heavy atom they were 
bonded to (with the exception of key hydrogens such as the hydroxy carbon in salicylic 
acid). Furthermore, the net charge on a surfactant headgroup needed to be appropriately 
scaled so that it equalled all or half of the charge on the calcium ion to maintain electro­
neutrality of the ion pair. The charge on the calcium ion was parameterised to 
reproduce the physical properties of a crystalline form of CaCCb, which resulted in a 
non-integer value. The easiest way to achieve this was to scale all charges equally after 
the hydrogen charges have been united into the heavier atoms. This means that the 
absolute values calculated for the atomic charges was not as important as the charge 
separation between atoms. For this reason, the higher basis sets including polarisation 
functions were used to specify the atomic charges for the Molecular Dynamics 
simulations.
3.3.4: Calixarene Charge Distribution.
As has already been mentioned, calculating the atomic charges on a calixarene molecule 
using a detailed basis set such as 6-31G** would be an inordinately time consuming 
task. To achieve a good representation of the charge distribution in a calixarene, the 
individual phenolic units were assigned charge distributions according to the charge 
distribution of phenol calculated using the 6-31G** basis set. Deprotonated phenolic 
units in the calixarene were assigned charges according to the charges obtained for 
deprotonated phenol. Likewise, protonated units were modelled using protonated 
phenol. To assess the effectiveness of this approach, a small calix[4]arene (shown in 
Figure 3.4) was optimised using the modest 3-21G basis set. This may then be 
compared with the corresponding charge distribution obtained from the protonated and 
deprotonated phenols (see Figure 3.3 e and f), also calculated with the 3-21G basis set.
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CH.3
Figure 3.4: Calix[4]arene modelled using the 3-21G basis set.
Figure 3.5 shows the charge distribution for half of the phenol units of the anion shown 
in Figure 3.4. One protonated and one deprotonated unit are shown, since the remaining 
two phenolic units should be the same due to symmetry. The hydrogen charges (except 
for the hydroxyl hydrogen) have been united with the heavy atoms to which they are 
bonded, and the total charge scaled to half the proposed charge of the calcium (see 
Chapter 4). This changes the total charge on the calixarene fragment from a full charge 
of -1.0 e to -0.821 e. Figure 3.6 shows the result of the same treatment of the charges 
when applied to the protonated and deprotonated phenol structures optimised using the 
3-21G** basis set.
A comparison between Figures 3.5 and 3.6 shows that the charge distributions are quite 
similar. The correlation between the charges on the deprotonated phenol and the 
deprotonated phenolic unit of the calixarene appears to be quite good. The protonated 
phenol and the protonated phenolic unit show greater discrepancies. The methyl carbon 
and the benzyl carbons meta to the hydroxyl group have charges of a similar magnitude, 
but of an opposite sign, while the oxygen and hydrogen of the hydroxyl group show a 
slightly lower charge separation for the phenol. These differences are probably due to 
intramolecular hydrogen bonding between the hydroxyl hydrogens and the deprotonated 
oxygens in the calixarene. This acts by both displacing the hydrogen out of the plane of 
the benzene ring and increasing the polarisation on the hydroxyl group by ‘pulling’
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charge onto the deprotonated oxygens. Another reason for differences in the charge 
distribution between the two techniques is the presence of the bridging carbons.
Despite the differences between the charge distribution from both techniques, the main 
features of the calixarene are fairly well reproduced by the phenol analogues. Most 
importantly, since they are of the greatest magnitude, the oxygen and hydrogen charges 
correspond quite well. The reversal of the charges on the methyl and some of the 
benzyl carbons is mitigated by values for the point charges that are generally low, and 
consequently less influential over intra and intermolecular forces. Whilst this is clearly 
not the most satisfactory means of assigning atomic charges for calixarenes, it does 
allow the use of basis sets such as 6-31G** to describe molecular systems which would 
otherwise prove to be too large. Using phenol as a prototype phenolic unit for the 
calixarene may prove to be the only practicable means of assigning charges available 
when considering six membered calixarenes and higher.
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Figure 3.5: United atom charge distribution for one half of the calix[4]arene under study (scaled to half 
the charge on calcium). One protonated and one deprotonated phenolic unit are shown. Atomic charges 
are shown in units of e. A ball and stick representation of the molecular fragment is used with grey 
spheres indicating carbon atoms, red as oxygen atoms and white as hydrogen atoms.
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Figure 3.6: United atom charge distribution for protonated and deprotonated phenol (scaled to half the 
charge on calcium). Atomic charges are shown in units of e. A ball and stick representation of the 
molecular fragment is used with grey spheres indicating carbon atoms, red as oxygen atoms and white as 
hydrogen atoms.
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3.4: Calculation of the Relative Acidities of Surfactant Headgroups.
3.4.1: Introduction.
The absolute acidity of a molecule RH is defined as the free energy of the reaction 
shown in Reaction Scheme 3.1.
RH ------------------- ►  R- + H+
Reaction Scheme 3.1: Deprotonation of a protonic acid RH.
The free energy is approximately the difference in the absolute electronic energies, as 
might be obtained from an ab initio calculation, between the RH and R' species since 
the proton contributes zero electronic energy to the right hand side of Reaction Scheme 
3.1. Reaction scheme 3.1 should be supplemented with the energy changes associated 
with the solvation of the ions and the polarisation of the solvent. As deprotonation in a 
largely non-polar medium is of interest here, I have ignored these effects and assume 
them to be negligible (in contrast to the situation in an aqueous solvent). Calculations 
of this type may often be the only means of determining the absolute acidity of a 
protonic acid, since the free energy changes involved with this type of reaction are often 
very large, forcing the equilibrium to the far left or right of Reaction Scheme 3.1. The 
calculation of accurate acidities does require basis sets that incorporate diffuse functions
[2], with an added computational burden. However, a study of the acidities of 
molecules that are structurally similar may be achieved by a comparison of the acid 
strength relative to each other. This has the advantage that large basis sets are not so 
critical in reproducing trends in the acidities of a group of molecules.
Since the overbasing procedure relies quite heavily on acid/base reactions, a study of the 
relative acidities of the surfactant headgroups is of considerable interest and may show 
the most reactive. This study is also made feasible because of the similarity of the 
surfactants of interest here since the majority are derived from alkyl benzenes, and 
consequently the structures are quite similar.
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3.4.2: Comparison of Basis Sets.
The aim of this section is to ascertain the relative acidities of the surfactants used in 
overbased detergent manufacture. These surfactants include calixarenes, which are too 
large to use large basis sets. Optimisation of calix[4]arene has proved to be 
computationally feasible for the 3-21G basis set, however, there is no guarantee that this 
will produce reliable trends in the acidities of the surfactants. To test whether a 
comparison of relative acid strength is possible with the 3-21G basis set, a range of 
smaller surfactant headgroups was studied with the STO-3G, 3-21G, 3-21G**, 6-31G 
and 6-31G** basis sets. Using the notation of Reaction Scheme 3.1, the relative 
acidities have been determined for the species shown in Figure 3.7.
OZ OH O'" o
+ H+
^  O.
OH OHOH OH
+ H ►
O O
+ H
S
OH OH
+ H
O ' OH O ' O
+ H
+ H
Figure 3.7: Reactions used to determine the relative acidities of a sample of surfactant headgroups. From 
the top, the study includes, sulphonic acid, salicylic acid, sulphurised phenol, propanoic acid and phenol. 
Two steps show species that are potentially deprotonated twice. The salicylate may also be deprotonated 
in two chemically inequivalent positions.
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The list of surfactants includes sulphonic acid, salicylic acid, sulphurised phenol and 
propanoic acid as analogues to the sulphonate, salicylate, phenate and stearate 
surfactants respectively. Both the salicylic and the sulphurised phenol can be 
deprotonated twice, whilst the chemically inequivalent acidic hydrogens on the 
salicylate are also accounted for.
The procedure for calculating the relative acidities was to optimise each structure with 
the chosen basis set, from which the total energies of the protonated and deprotonated 
species were used to determine the absolute acidities. The relative acidities were then 
established by subtraction of the most acidic species. This proved to be the sulphonic 
acid. Figure 3.8 shows the results of these calculations for the STO-3G, 3-21G** and 6- 
31G** basis sets. Salicylic acids A and B refer to the first deprotonation of the 
carboxylic and hydroxy hydrogens respectively. Species shown as (surfactant)' denote 
the relative second acidities of the species.
Figure 3.8 shows that sulphonic acid is clearly the strongest acid, which may contribute 
to the success of the sulphonates in the class of overbased detergents. The figure 
suggests the order of acidities is independent of the basis set used, with the exception of 
phenol using the STO-3G basis set. There is also a notable decrease in the relative 
acidity associated with deprotonation of surfactants with a second acidic hydrogen. All 
basis sets other than STO-3G (including the 3-21G and 6-31G basis sets which are not 
shown) follow the same trend in the relative acidities. With some confidence therefore, 
the order of acidities would then appear to be as shown in Figure 3.9. Salicylic acid has 
two possible positions that may be deprotonated first. This is indicated in Figure 3.9 
with labels of carboxy and hydroxy, referring to deprotonation of the hydroxy and 
carboxy protons. The order of acidities show that the hydroxy proton on the salicylic 
acid is the most acidic. This may be due to a more effective delocalisation of the 
negative charge around the aromatic benzyl carbons when compared to the 
deprotonation of the carboxy hydrogen. In the latter case, the carboxyl oxygens are 
separated from the benzene ring by a carbon, making delocalisation of the negative 
charge slightly less effective, resulting in a lower relative acidity. The sulphurised p- 
methyl phenol proved more acidic than /7-methyl phenol for all basis sets except STO- 
3G. The greater acidity could be due to stabilisation of the anion by hydrogen bonding 
between the remaining hydrogen and the deprotonated oxygen. Alternatively the
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presence of the electronegative sulphur ortho- to the hydroxy group could help stabilise 
the negative charge which occurs on deprotonation.
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Figure 3.8: The calculated energy change of deprotonation of some surfactant headgroups relative to 
sulphonic acid.
A full comparison of the computed and experimental relative acidities is not possible 
since not all of the acidities of the molecules here have been determined experimentally. 
Furthermore, acidities are generally expressed as pKa, which is,
pKa = -lo g mK a (3.10)
where Ka is the acidity constant expressed as,
a(H 3Q+)a(Base)
a(Acid)
where a(H3 0 +), a (Base) and a(Acid) are the activities of H3 0 +, Base and Acid 
respectively in Reaction Scheme 3.2. The activity of water in Reaction Scheme 3.2 is
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assumed to be unity, since the solutions are dilute. When comparing the calculated and 
experimental relative acidities, it must be noted that calculated results refer to the gas 
phase while the experimental results apply to acids in aqueous solution.
Acid (aq) + H20  (/) Bas e(aq) + H30 +(aq)
Reaction Scheme 3.2: General form of the equilibrium for proton transfer.
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Figure 3.9: Order of relative acid strengths for selected surfactant headgroups. Hydroxy and Carboxy 
labels refer to which proton is removed to calculate the acid strength of salicylic acid.
The pKa values and the relative order of acid strength of some selected organic acids are 
shown in Figure 3.10 [32]. The acid strength generally shows the same trend as the 
calculated series. A decreases in acidity is seen in the series benzene sulphonic acid, 
salicylic acid, propanoic acid and phenol. The 2,2’-methyl-bis-(4-chloro phenol) is 
included as an analogue to the sulphurised p-methyl phenol, and as such comes 
somewhat later in the series than the calculations predict for the sulphurised p-methyl 
phenol. This may be due to the less electronegative bridging methyl group ortho- to the 
hydroxy group in place of sulphur.
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Figure 3.10: The relative acidities of some selected organic acids in water. Acid strength is expressed as 
pKa with the temperature at which the measurement was taken shown where it is known. All values are 
taken from Ref. [32].
What is clear however, by comparison to the p-chloro phenol, is that the 2,2’-methyl- 
bis-(4-chloro phenol) has a greater acid strength than its monomeric unit. This is 
possibly due to scope for intramolecular hydrogen bonding facilitating stabilisation of 
the anion. The pKa values for the second deprotonation of the salicylic acid and the 
2,2’-methyl-bis-(4-chloro phenol) show a considerable increase, in keeping with the
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calculated relative acid strengths for the anions of salicylic acid and sulphurised p- 
methyl phenol.
The qualitative agreement between the calculated and experimentally determined 
relative acidities match well for the benzene sulphonic acid, salicylic acid, propanoic 
acid and phenol. Deviation in the placing of the analogue for sulphurised p-methyl 
phenol may be due to the different bridging atom and the atom para to the hydroxyl 
group. This would suggest that the ab initio calculations give a reasonable account of 
the relative acidities of the surfactant headgroup analogues that were studied.
It is unlikely that the relative acidity of the surfactants used in the synthesis of 
overbased detergents governs the size or shape of the reverse micellar particles, but 
rather this is due to the geometry of the surfactant itself. However, these calculations 
could possibly indicate the facility with which the overbasing reaction proceeds and the 
stability of the final product. It has been noted that the synthesis of the overbased 
phenate requires the addition of calcium acetate to initiate the procedure [33], whereas 
synthesis of the sulphonate overbased detergents do not require any additional calcium 
salts. This possibly reflects the greater acidity of the alkyl benzene sulphonic acid over 
the sulphurised alkyl phenol promoting the formation of the calcium salt of the 
surfactant {i.e. the sulphonate). Furthermore, the relatively low second acidity of the 
phenate possibly requires another compound to promote the doubly deprotonated 
surfactant.
3.4.3: Calixarene acidities.
The size and relative flexibility of the calixarenes hamper optimisation when more than 
four phenolic units are present. This results in large calculations with little guarantee of 
convergence based on the optimisation procedure. An optimised structure for a 
calix[4]arene (see Figure 3.4) was achieved when using the 3-21G basis set. Having 
noted that the 3-21G basis set makes no difference to the order of the relative acidities 
for smaller surfactant headgroup species when compared with the much larger 6-31G** 
basis set, a means of placing the acidity of the calix[4]arene presents itself. A lower 
level of basis set was then chosen for calculations performed on the calixarenes.
There are four conformations available to the calix[4]arenes corresponding to the 
direction the phenolic units point relative to the cyclic structure (see Figure 3.11). It
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was assumed that calixarenes that are incorporated into overbased detergents are 
comprised of conformations with all the alkyl units pointing in the same direction 
(‘cone’ conformation of Figure 3.11 a). This is a reasonable assumption since this will 
relieve steric crowding at the lower rim (in the case where large alkyl tails are present) 
and provide a conformation where all of the polar sections of the phenolic units are in 
contact with the mineral core.
OH
OH OHOH
R
RR
OH OHOH OH
OHOH
OH OH
RR
c)
HO HO
OH OH
R R
Figure 3.11: Possible conformations of a calix[4]arene. The conformations are: a), cone b) partial cone 
c) 1,2-altemate andd) 1,3-alternate.
Five calixarene structures were optimised using the 3-21G basis set, corresponding to 
deprotonation of variable fractions of the phenolic units in the calixarene (0-4). The 
final structures obtained from these calculations are shown in Figure 3.12; labelled a) -  
e) corresponding to the deprotonation of 0 through 4 phenolic units respectively. The 
fully protonated p-methyl calix[4]arene (see Figure 3.12 a) shows the classic ‘calyx
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krater’ (Greek vase) shape after which this class of compound is named. The close 
proximity of the hydroxy groups in this conformation probably leads to extensive 
intramolecular hydrogen bonding. Deprotonation of a single phenolic unit (see Figure 
3.12 b) leads to an immediate distortion in the shape of the molecule, while hydrogen 
bonding is still preserved. It should be noted that the lower hydrogen in Figure 3.12 b) 
appears to be bonded to two oxygen atoms, whilst this is not necessarily the case it does 
indicate a good overlap between atomic orbitals on both of the oxygens with the 
hydroxy proton. This may be a source of stabilisation for this anion. Removal of a 
further hydroxy proton (see Figure 3.12 c) again leads to a distinct change in the shape 
of the calixarene, which could possibly lead to a destabilisation of the anion. This could 
be offset somewhat by hydrogen bonding between the remaining protonated hydroxy 
groups and the deprotonated hydroxy groups. Figure 3.12 d) shows the conformation 
adopted by the singly protonated calixarene. This molecule shows an increasingly 
strained structure as two of the deprotonated hydroxy groups have no hydrogen to 
stabilise the interaction between them. Consequently this structure may prove unstable 
as the highly charged oxygens are forced together. This trend continues with the fully 
deprotonated calixarene (see Figure 3.12 e), which shows considerable deformation of 
the conventionally planar phenolic units. The strained structures of the singly 
protonated and fully deprotonated calixarenes, along with limited or no scope for 
hydrogen bonding, may preclude the formation of these species.
Figure 3.13 shows the change in energy on deprotonation of all the species in Figure 3.9 
and the calixarenes depicted in Figure 3.12 a)-d). All calculations were performed 
using the 3-21G basis set. This allows an appraisal of the relative acidity of the 
calixarene compared to the surfactant headgroup analogues already studied. 
Deprotonation of a single phenolic unit places the acidity of the calixarene after the 
sulphonic acid, reflecting a relatively high acidic molecule. This is presumably due to 
the minimal strain placed on the anion by the removal of a single hydroxy proton and 
the possibility of a great deal of interaction of the O' with the other hydrogen atoms 
acting to stabilise the molecule. A second deprotonated phenolic unit gives a change in 
energy which would place the acidity of the calixarene after the singly deprotonated 
sulphurised p-methyl phenol and before the singly deprotonated salicylic acids. The 
relative acidity of the singly deprotonated calixarene molecules is considerably higher 
than the neutral molecule. This may be due to an increase in the strain on the molecule 
and less scope for hydrogen bonding. The trend of decreasing acidity as the phenolic
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units are successively deprotonated continues with the last two molecules studied (see 
Figure 3.12 c and d), presumably for the same reasons. The increase in the change in 
energy on deprotonation for these last two calixarenes is quite dramatic, with the singly 
protonated p-methyl calix[4]arene at a value ca. two orders of magnitude greater than 
the neutral molecule. This would make the presence of these molecules highly unlikely 
in an overbased detergent system containing the four membered calixarene.
Based on the calculations, it is possible to conclude that deprotonation of at least one 
hydrogen from the phenolic hydroxy groups is a relatively facile process and likely to 
occur in the overbased systems. The three dimensional cage structure of these 
surfactant molecules is the important factor in promoting this process by stabilising the 
anion so produced by internal hydrogen bonding.
It has been assumed that the sulphurised alkyl-phenol used to form the overbased 
detergent is doubly deprotonated [34,35]. If this is the case then, from the calculations 
of the relative acidities presented here, it is likely that the four membered calixarene and 
salicylic acid are also doubly deprotonated. The likelihood of this actually occurring is
ryi
difficult to ascertain from the relative acidities since interactions with Ca are 
neglected. A further study of the relative affinity of the surfactant headgroups to the 
divalent calcium cation should help in determining the level of deprotonation of the 
species present and in understanding this behaviour and its importance for the role of 
calixarenes as a surfactant for the overbased detergent system.
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a)
Figure 3.12: Comparison of the optimised geometry of a calix[4]arene at different levels of protonation. 
The figures a)-e) correspond to orthogonal views of the fully protonated to fully deprotonated calixarenes 
respectively.
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Figure 3.13: The relative acidities of some analogues of the surfactant headgroups of interest calculated 
using the 3-21G basis set. The data includes the successive deprotonation of /?-methyl calix[4]arene for 
comparison, which are labelled Calixarene, Calixarene', Calixarene2' and Calixarene3' and correspond to 
Figure 3.12 a)-d) respectively.
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3.5: Nuclear Magnetic Shielding Calculations.
3.5.1: Introduction.
In Section 2.5 of Chapter 2, the results of a magic angle spinning NMR study of various 
overbased detergents were presented. To compliment this study, it is possible to 
calculate the magnetic shielding tensor at key atomic centres in some of these 
compounds, which should help confirm the peak assignments made for the NMR 
spectra and determine the molecular species present in the overbased detergent particles.
Nuclear shielding is a second-order magnetic response property and the extent of the 
shielding that occurs at a particular atomic centre depends upon the local electronic 
environment provided by the molecular structure. Ab initio quantum mechanics can be 
employed to calculate the nuclear shielding tensor and subsequently the isotropic 
shielding. The isotropic shielding can then be compared with experimental chemical 
shifts, S, by subtraction from the known shielding constant of a common reference 
molecule such as tetramethylsilane (TMS). An increase in the isotropic magnetic 
shielding constant leads to a decrease in the chemical shift. The magnetic shielding 
tensor is calculated from the second derivative of the molecular energy with respect to 
the external field and the nuclear magnetic moment of the nucleus. Rather than give a 
full description of the theory of magnetic shielding here, the reader is directed to, for 
example, references [36-40].
3.5.2: Gauge Invariant Calculations.
A common problem encountered when calculating the magnetic shielding tensor is the 
need to ensure that the results of a calculation are independent of the position of the 
molecule in the Cartesian frame. This is known as gauge invariance, and may be 
achieved using two general approaches. In the limit of a complete basis set the 
magnetic shielding constant becomes gauge invariant. Consequently, a very large basis 
set leads to magnetic shielding constants that are approximately independent of 
molecular orientation. Since increasing basis set complexity places a greater 
computational burden, this method is only practicable when applied to small molecules. 
An alternative method is to introduce local gauge origins to define the external magnetic 
field, a technique which was originally applied by London over 60 years ago [36]. 
Several methods have been developed to implement local gauge origins, two of which 
include the gauge included atomic orbital (GIAO [37]) and the individual gauge
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localised orbital (IGLO [41-44]) techniques. While IGLO improves the efficiency of 
magnetic shielding calculations, it encounters difficulties when applied to molecules 
with delocalised electron structure. For this reason, the GIAO formalism is used in all 
the calculations presented here since the delocalised benzene ring is key to almost all of 
the surfactants used in the manufacture of overbased detergents. All calculations were 
once again performed using the GAUSSIAN 94 suite of programs [28], implemented on 
a SG Power Challenge at the University of Surrey Computer Centre.
3.5.3: Magnetic Shielding of Carbon in Calcite and Aragonite.
The magnetic shielding constant was calculated for the carbonate carbon of two 
crystalline phases of calcium carbonate (calcite and aragonite). The shielding constant 
was calculated in the absence of calcium {i.e. in the gas phase) using the carbonate 
geometry taken from X-ray diffraction studies (shown in Figure 2.49) [45,46]. Several 
basis sets were used to provide an assessment of the basis set dependence of the 
shielding constant. To compare the calculated values with experimental values, the 
calculated isotropic shielding constant was subtracted from the shielding constant of 
TMS. The experimental value for the shielding constant of TMS is equal to 188.1 ppm 
[47].
Figure 3.14 shows the calculated 13C chemical shift of the aragonite and calcite 
carbonate ions for increasing complexity of basis set. The smaller basis sets, STO-3G 
through to 6-21G**, show poor agreement between the experimental and calculated 
values of the chemical shift. Increasing the basis set size beyond 6-21G** results in a 
much improved agreement. Notably, the 6-311G, 6-311G** and 6-311+G** produced 
the best correlation. For all of the calculations the carbonate ion in the aragonite had a 
lower shielding constant which indicates a higher chemical shift than in calcite. This is 
consistent with the observed chemical shifts of 168.5 and 170.9 for the calcite and 
aragonite forms respectively. Although the value of the chemical shift appears to 
converge at the experimental values as increasingly complex basis sets are used, it is 
unlikely that a very accurate determination is possible without the inclusion of calcium 
cations. To include calcium and more carbonate groups in the calculation would greatly 
increase the computational burden of the calculation, making such a study prohibitive at 
present.
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Figure 3.14: Basis set dependence of the 13C chemical shift for the carbonate ion occurring in calcite and 
aragonite. Two lines corresponding to the experimentally determined chemical shifts (Section 2.5 of 
Chapter 2) are also shown.
Figure 3.15 shows the chemical shift relative to calcite, Scaicite, calculated by subtracting 
the calculated shielding constant of the aragonite carbonate from the calculated 
shielding constant of the calcite carbonate. Data is shown for all the basis sets used. 
This plot demonstrates that a lower shielding constant is observed for the aragonite 
carbonate at each level of basis set complexity. Since the aragonite carbonate has a 
single bond that is longer than all the calcite carbonate bond lengths, polarisation will 
‘puli’ a greater proportion of the electron density from the carbon. As the electron 
density is ‘pulled’ further from the aragonite carbonate carbon, greater deshielding is 
observed. This leads to a decreased shielding constant and a higher chemical shift 
relative to the calcite carbonate. This is a possible explanation for the higher chemical 
shift measured experimentally for the aragonite carbonate. The value of Scaicite drops 
from 1.5 ppm for the STO-3G basis set and oscillates around a value of ca. 1.0 ppm. 
Basis sets that include polarisation functions are consistently lower than 1.0 ppm while 
basis sets without polarisation functions are consistently higher. This is possibly due to 
the polarisation functions increasing the magnetic shielding at the aragonite carbonate
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centre to a greater extent than the calcite carbonate centre, thus bringing the chemical 
shifts closer together.
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Figure 3.15: Effect of basis set on the shielding constant for the aragonite carbonate compared to the 
calcite carbonate. The chemical shift, Scaicite, uses the calculated shielding constant for calcite as the 
reference.
Despite the electronic structure imposed by the differing calcium environments of each 
phase the difference in the geometry between the calcite carbonate and the aragonite 
carbonate is sufficient to increase the chemical shift by ca. 1.0 ppm. This may present a 
clue to the geometry of the carbonate ion found in the mineral core of the overbased 
detergent particles. Since the carbonate peak in the MASNMR spectrum of all the 
overbased detergent samples appears at about the same chemical shift as the calcite 
peak, it is likely that the overbased carbonate ion is the same geometry. Given the 
broad nature of this peak, it is probable that the overbased carbonate geometry varies 
quite substantially from that of the calcite carbonate, with an average geometry that is 
the same. Any consistent deviation of the overbased carbonate from the symmetrical
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geometry of the calcite carbonate would result in a broad peak centred away from 168 
ppm. This is consistent with an amorphous core with an equilibrium carbonate structure 
that is the same as that found in calcite.
3.5.4: Surfactant Headgroup Magnetic Shielding.
Having seen that ab initio calculations are able to reproduce the differences in the 
nuclear magnetic shielding of the calcite and aragonite phases of calcium carbonate, to a 
reasonable approximation, attention is now paid to the surfactant headgroups. To 
achieve the highest level of accuracy available, geometry optimisation and magnetic 
shielding calculations were performed using the 6-311+G** basis set. The complexity 
of this basis set precludes an extensive study only of molecular fragments associated 
with the various surfactants. Consequently, six structures most relevant to the 
surfactants used in overbased detergents were optimised and the magnetic shielding 
constants subsequently calculated. These structures are shown in Figure 3.16. The p- 
methyl phenol, the /?-methyl phenolate anion and the calcium salt of /?-methyl phenol 
were included to study the generic nuclear magnetic behaviour of surfactants 
incorporating phenolic units (e.g. sulphurised alkyl phenol, calixarates and salicylates). 
Propanoic acid, the propanate anion and the calcium salt of propanoic acid were studied 
as an analogue of stearic acid.
j9-methyl p-methyl calcium salt of propanoic propanate calcium 
phenol phenolate ion />-methyl phenol acid ion propanate salt
Figure 3.16: Molecular analogues used to investigate the magnetic shielding behaviour o f surfactants 
used in overbased detergents.
Figure 3.19 shows the calculated chemical shifts relative to TMS for the carbons of p- 
methyl phenol and its derivatives. The chemical shifts correspond to the benzyl carbons 
indicated in the structures by C. Looking first at the neutral phenol, the benzyl carbons 
all lie in the range 1 1 0 -1 5 3  ppm, which is consistent with the experimental benzyl 
carbon chemical shifts [48]. The methyl group has a chemical shift of 12.6 ppm, again
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consistent with the aliphatic hydrocarbon tail of the surfactants. Comparing these 
values with the chemical shifts observed in the MAS NMR spectrum of the 200 TBN 
phenate (repeated from Chapter 2 in Figure 3.17), there is a fair agreement between the 
observed and calculated chemical shifts. The peak at 154.7 corresponds to the benzyl 
carbon in the 1 position, with a calculated chemical shift of 152.8. Peaks at 123.6 and 
135.1 ppm would correspond to benzyl carbons in the 3 (and 5) and 4 positions, which 
have calculated chemical shifts relative to TMS of 126.7 and 130.9 respectively. The 
experimental spectrum does not show a peak at ca. 110 ppm, as calculated for the 
benzyl carbon in the 2 (and 6) positions. This could be due to the broad peaks at 123.6 
and 135.1 ppm in the experimental spectrum obscuring spectral structure at 110 ppm. 
Alternatively, the chemical difference between the phenol and the sulphurised phenol, 
caused by the electronegative bridging sulphur, probably increases the chemical shift of 
the benzyl carbons next to the sulphur.
Turning now to the chemical shifts of the />-methyl phenolate ion, there is a greater 
disparity between the observed and calculated chemical shifts. The calculated chemical 
shift of the benzyl carbon in the 1 position (henceforth referred to as C l) has greatly 
increased, whilst the carbon in the 4 position (C4) has greatly decreased on formation of 
the ion. This is possibly due to the highly electronegative and deprotonated oxygen 
pulling electron density from the C l, which in turn deshields the carbon nucleus and 
increases the chemical shift. The increased shielding on C4 is likely to be a response to 
the deshielding of Cl. The high chemical shift of -179 ppm calculated for Cl may 
alternatively correspond to the peak at -182 ppm observed in the 200 TBN phenate 
MAS NMR spectrum for phenolic units that are not appreciably coordinated to calcium 
ions. If so, this provides evidence for deprotonation of the phenate molecule, although 
the origin of this peak may be due to the presence of carboxylic acids formed by 
oxidation of alcoholic co-solvents.
The calcium salt of the phenol shows similar chemical shifts to the phenol itself 
possibly due to the calcium ion sharing electrons with the oxygen atom, hence reducing 
the deshielding of C l. There may also be a slightly closer fit between experimental and 
calculated chemical shifts over the phenol, which is understandable considering the 
nature of the interaction between surfactant and core.
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Figure 3.17: Ambient temperature MAS NMR of the 200 TBN phenate synthesised and characterised in 
Chapter 2.
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Figure 3.18: Low temperature MAS NMR spectrum of the 150 TBN calixarate system taken from 
chapter 2.
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Figure 3.19: Calculated chemical shifts for /7-methyl phenol (left), /7-methyl phenolate (middle) and the 
calcium salt of /7-methyl phenol (right) relative to TMS. The relevant carbon atoms are given explicitly in 
these chemical structures.
Figure 3.18 shows the MAS NMR spectrum of the 150 TBN calixarate studied in 
Chapter 2. Using the calculations on the phenol and its derivatives as an analogue to the 
phenolic units of the calix[6]arene useful comparisons may be made. Most striking are 
the experimental peaks at 148.4 and 178.9 ppm. These could correspond to the 
calculated chemical shifts of the Cl atom in the protonated and deprotonated states,
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which are at 152.8 and 178.7 respectively. This suggests that there is a combination of 
protonated and deprotonated phenolic units in the calixarate structure, which has been 
widely assumed but so far with little supporting evidence. Considering the calcium salt 
of the phenol, it may be supposed that any coordination of the calcium ion with the 
calixarate would return the chemical shift of the deprotonated phenol Cl peak to ca. 150 
ppm. However, in the optimised structure of the calix[4]arene (see Figure 3.12), the 
calixarate anions exhibit a great deal of intramolecular hydrogen bonding within the 
hydrophobic cavity. It is possible that this produces conformations where the access of 
the calcium ion is not critical to stabilising the excess negative charge on the 
deprotonated oxygen, effectively creating a ‘free’ phenolate unit in the calixarene.
Figure 3.20 shows the calculated chemical shifts, relative to TMS, for propanoic acid 
and its derivatives. These calculations were undertaken to study the nuclear magnetic 
shielding behaviour of stearic acid, using the propanoic acid as an analogue. The 
chemical shift applies to the carbon marked as C in each chemical structure. 
Considering propanoic acid (left hand column of Figure 3.20), the carbonyl carbon 
shows a large chemical shift relative to TMS due to deshielding of the carbon nucleus 
by the electron withdrawing oxygens to which it is bonded. This calculated chemical 
shift of <£=168.8 is much lower than the chemical shift of the stearate carbonyl peaks 
determined in experiment (Chapter 2) which have typical values of ca. 185 ppm. The 
remaining carbons of propanoic acid have calculated chemical shifts that are consistent 
with experimentally observed values for alkyl carbons (typically in the range 0-50 
ppm).
Deprotonation of propanoic acid to give the propanate ion (middle column of Figure 
3.20) results in a slight increase in the calculated chemical shift of ca. 0.2 ppm. This is 
very different behaviour than that exhibited by the /?-methyl phenol, which showed a 
large increase in the chemical shift on deprotonation of the hydroxy group. This may be 
due to the reduced scope for delocalisation of charge in the propanate when compared to 
the aromatic phenolate. Consequently, when the phenol is deprotonated, the ‘excess’ 
negative charge is able to delocalise throughout the benzene ring, thus deshielding 
certain carbons (Cl) and increasing the magnetic shielding on others (C4). The 
propanate, however, is unable to distribute the excess negative charge and consequently 
the charge stays localised at the oxygens. This in turn reduces the electronegative effect
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of the oxygens thus maintaining the electron distribution around the carbonyl carbon 
resulting in little change in the magnetic shielding.
The calcium salt of propanoic acid (right hand side of Figure 3.20) exhibits a calculated 
chemical shift for the carbonyl carbon of 195.9 ppm. This is a large increase over the 
chemical shifts calculated for the same carbon of propanoic acid and the propanate ion. 
The decreased nuclear shielding is presumably due to the calcium ion releasing the 
charge on the oxygens, which in turn allows electron density to move from the carbonyl 
carbon to the oxygens. As the electron density decreases at the carbon, so does the 
nuclear shielding and the chemical shift relative to TMS is increased. Although the 
calculated value is still somewhat higher than the observed value for the stearate (195.9 
and 185 ppm respectively) this is a much improved fit between theory and experiment.
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Figure 3.20: Calculated chemical shifts for propanoic acid (left), propanate ion (middle) and the calcium 
salt of propanoic acid (right). The chemical shifts apply to the carbon atom marked with C for each o f the 
structures.
3.6: Conclusions.
The ab initio calculations provided a means of calculating the atomic point charges for 
surfactant headgroups associated with the overbased detergents. This in turn enables a 
more accurate description of the charges used in Molecular Dynamics simulations of the 
nanocolloidal reverse micelles. The uses of protonated and deprotonated p-methyl 
phenol as an analogue to the phenolic units of the calixarate surfactant have provided 
point charges for these macrocyclic compounds. A full optimisation of the calixarene 
using a basis set comparable to other calculations would incur an intractable 
computational cost due to the size and flexibility of the molecules.
The calculation of the relative acidities of the surfactant headgroups provided 
qualitative agreement with experimentally determined acidities that was independent of 
basis set complexity above the STO-3G level. Surfactant acidity may be of key 
importance to the facility of the acid bases reactions that occur during the synthesis of 
overbased detergents. The p-methyl calix[4]arene exhibited greater acid strength than 
the phenolic monomer, perhaps due to the extensive hydrogen bonding that occurs 
between hydroxy groups. Calculations suggest that the calix[4]arene has a second 
deprotonation energy, and hence relative acidity, comparable to the second 
deprotonation energy of the sulphurised alkyl phenol. Hence it is plausible that the 
calixarene would exist in this doubly deprotonated state when incorporated into an 
overbased detergent particle. It is clear that this hydrogen bonding has a pronounced 
effect on the structure of the calixarene molecules and may be a dominant factor in its 
behaviour as a surfactant.
Magnetic shielding calculations were performed on the carbonate carbon of calcite and 
aragonite. The calculated chemical shift values showed good agreement with 
experimental values for the more complex basis sets. The chemical shift of the 
aragonite carbonate was consistently higher than that of the calcite carbonate for all the 
basis sets used. This is in qualitative agreement with the experimental values, although 
the magnitude of the chemical shift of aragonite CO3 " carbon relative to the calcite was 
consistently low compared with experiment and there was very little basis set 
dependence of this value. The slight alteration in the geometry of the calcite carbonate 
to aragonite carbonate was sufficient to increase the chemical shift of the carbon in 
these species by -1.0 and 2.4 ppm for the calculated and experimental values
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respectively. The chemical shift of the aragonite carbonate carbon would also suggest 
that the magnetic shielding is quite sensitive to small changes in the carbonate 
geometry. This may provide a clue to the equilibrium geometry of the carbonate carbon 
found in the overbased detergent particles. Since the MAS NMR peak of the carbonate 
carbon in the overbased detergent is broad but centred at -168 ppm, it is likely that the 
equilibrium overbased detergent carbonate is close to that of the carbonate found in 
calcite.
Magnetic shielding constants that were calculated from the analogues used to describe 
the surfactant headgroups showed a quantitative agreement with the experimentally 
observed chemical shifts. Any differences may be explained by the chemical difference 
between the actual surfactant headgroups and the p-methyl phenol and propanoic acid 
analogues. The experimental MAS NMR spectrums of the calixarate and phenate 
systems show peaks at 178.7 ppm 182.9 ppm respectively. In Chapter 2, this peak was 
tentatively assigned to a carboxylic acid by-product formed from the alcohols used in 
the overbased detergent synthesis procedure. The magnetic shielding calculations 
presented in this chapter suggest that this peak may alternatively be due to a 
deprotonated phenolic unit. Calculations of the nuclear magnetic shielding of propanoic 
acid as an analogue to stearic acid clearly show a greatly deshielded carbonyl carbon, 
resulting in a chemical shift in quantitative agreement with experiment. More work is 
required to confidently assign the peaks above -175 ppm in the MAS NMR spectra of 
these systems. All systems show a peaks in this area of the NMR spectrum, both those 
with and without stearic acid as a co-surfactant. It is possible that these broad peaks are 
due to a combination of deprotonated phenolic units, stearate molecules and the 
carboxylic acid by-products of the oxidation of alcohols used in the synthesis procedure.
In summary, the ab initio calculations have provided a working description of the 
atomic point charges of the surfactants, suggested a plausible acidity series for the 
surfactants and helped to confirm the MAS NMR peaks assigned in Chapter 2.
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4.1: Introduction.
This chapter begins with a description of the theory and of Molecular Dynamics (MD) 
simulation. Following this, results of MD simulations are presented that allow for the 
validation and assessment of the simulation codes of overbased detergent reverse 
micelles. Two systems, which are prototype components of the overbased system, were 
studied separately to validate key aspects of the forcefield chosen to simulate the 
structure and dynamics of reverse micelles of overbased detergent particles.
Molecular Dynamics is a means of simulating molecular systems at the atomistic level 
first applied (to hard sphere systems) in 1959 [1]. A trajectory for each of the molecules 
is built up by generating a frame-by-frame representation of the evolving molecular 
system, by assuming the particles obey classical equations of motion with forces acting 
on the atoms from a parameterised forcefield.
The aliphatic tail forcefields were tested using liquid «-hexane. This was modelled 
using a united atom forcefield (where hydrogens are collapsed into the aliphatic carbon 
to create a single interaction site). The aliphatic tails of the surfactants in the 
preparation of overbased detergent particles were also modelled using this 
simplification. The aragonite and calcite phases of calcium carbonate were simulated 
using the forcefield chosen to test the adequacy of the model for the calcium carbonate 
core o f the detergent particles. This provides a ready assessment of the strengths and 
weaknesses of these forcefields before they are applied to the overbased detergent 
system. The physical properties of «-hexane and the crystalline forms of CaCC>3 are 
experimentally well documented, and these data can be used to validate the simulation 
forcefields.
Validation of Molecular Dynamics and Monte Carlo simulations is becoming 
increasingly important because as larger systems are considered and the software 
becomes more extensive. In a recent publication [2], five validation issues for MD have 
been highlighted,
(a) The quality of the theory or model,
(b) The accuracy of the interatomic interaction function or forcefield,
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(c) The degree of sampling, statistics and convergence reached in the simulation, that is, 
reproducibility of the results when starting from statistically independent atom 
coordinates.
(d) The quality of the simulation software and
(e) How competently the simulation software was used.
This chapter aims to answer the points above as effectively as possible via simulation of 
the two systems already suggested. Points b), c) and e) may by assessed by a direct 
comparison of the results of the simulations with documented experimental and 
theoretical results. The quality of the software is of particular importance since the 
author wrote the code, without previous validation of the software. Point a), the quality 
of the theory and model, is a statistical mechanical and algorithmic issue, and so a part 
of this chapter is dedicated to describing the theoretical background to the simulation 
techniques used.
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4.2: Molecular Dynamics Theory.
4.2.1: The Verlet Leapfrog Algorithm.
Molecular Dynamics follows the trajectories of molecules in a many-body system by 
integrating their classical equations of motion [3,4]. In essence, forces acting on the 
particles (calculated from the force field being used, Section 4.2.5) are used to calculate 
the change in velocity for each particle on a step-by-step basis, where the steps are 
separated by equal time intervals, At. A widely used method for following the dynamics 
of the constituent particles is the Verlet leapfrog algorithm [5], This scheme uses 
particle positions and forces at time t, r(t) and j[i) respectively, and the velocities at a 
half timestep earlier, v(t-At/2) to calculate the positions at a full timestep later and the 
velocities at a half timestep later. New velocities are calculated,
v(t + At /2)  = v(t -  At /2)  +Atx  f ( t ) / m  (4.1)
where m is the mass of the particle being moved. Positions are subsequently updated 
by,
r(t + At) = r(t) + At x v(t + At 12) (4.2)
The instantaneous velocity of each particle is calculated as half the sum of the velocities 
at the half timestep before and after time t,
y(0 = [y(f - A t / 2) + v(t + At /  2)]/ 2 (4.3)
The Verlet integration scheme evolves a system within a forcefield while conserving the 
total energy, E, of the system,
E = U + KE (4.4)
where U is the potential energy and KE the kinetic energy. This means that the system 
kinetic energy, and hence the temperature, will fluctuate. Often we desire to simulate at 
a predetermined temperature. To achieve a constant temperature in a simulation, a 
method of thermostatting the system is required.
4.2.2: Constant Volume and Temperature, NVT, Simulations.
Molecular Dynamics simulation follows the trajectory of N particles and is often carried 
out at fixed volume and temperature. Ideally simulations would be performed on 
systems sizes where N  is of the order of Avagadros number, Nav- However the limited 
power of today’s computers typically restricts the system size to 100 - 10,000 particles. 
To achieve an improved description of the system in the thermodynamic limit (i.e. 
A—»co) Periodic Boundary Conditions (PBC) are often employed. PBC surrounds a
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single cell of N  particles by ‘image’ cells replicated to infinity. The simulation 
algorithm only evolves the particles in the central cell, with the ‘virtual’ particles in the 
surrounding lattice of cells following the trajectory of the ‘real’ particles, shifted by an 
integer number of cell dimensions away. A ‘real’ particle exits the central simulation 
box into the surrounding lattice as one of that particle’s ‘virtual’ images enters from the 
other side of the cell, thus conserving the number of molecules in the system. The 
particle entering from the surrounding lattice has the same velocity and is chemically 
identical to of the departing particle and is subsequently included in the central cell as a 
‘real’ particle. This process is illustrated in Figure 4.1.
Central ‘real’ 
simulation cell?
Lattice of 
‘virtual’ 
simulation cells
%
‘Real’ particle 
■moving across 
periodic 
q  boundary.
‘Virtual’ 
particle 
— mimicking 
^ m o tio n  of ‘real’ 
q  particle.
O
O
Figure 4.1: Schematic representation of the Periodic Boundaries construction in two dimensions. A 
particle from the central cell moves across a boundary (defined by the arrow) and is replaced by an image 
of itself. The image then becomes a ‘real’ particle and the simulation continues uninterrupted.
PBC can be applied in all three Cartesian directions (x, y and z) to create a bulk system. 
Alternatively they need only to be used in two directions (x and y, say) in which case a 
thin film is modelled, which is suitable for the investigation of interfacial phenomena. 
Having fixed the volume of the simulation cell, a method of thermostatting the system is 
required to convert the system from a constant NVE simulation to a constant NVT 
simulation. An adequate and simple method of achieving this is to use velocity scaling. 
The system temperature is maintained by scaling the translational velocities of all the
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molecules by a factor, g(v(t-At/2)), calculated at each timestep from a target 
temperature, J, and the velocities of the particles, v(t-At/2),
g(y(t-Ar/2)) = n ^ N ~ ^ T  (4.5)
1=1
where ks is the Boltzmann constant and m* the mass of the ith particle. The sum is over 
all particles in the simulation cell. This procedure is particularly useful during the 
equilibration phase of a simulation. As the system equilibrates the scaling factor 
approaches unity and then fluctuates around this value, resulting in the simulation of a 
system at constant system size, volume and temperature (NVT).
4.2.3: Constant Pressure and Temperature, NPT, Simulations.
Simulations performed at constant volume have no means of regulating or defining the 
equilibrium pressure of the system being simulated, the pressure eventually fluctuates 
about a previously unknown value. To achieve simulations at constant pressure, the 
size of the simulation cell is allowed to fluctuate with time by coupling it with a 
barostat. This then allows the system to equilibrate to a fixed average pressure, 
although now at an unknown average volume. One popular form of barostat is the 
Berendsen barostat [6]. The barostat is implemented by varying the volume of the 
simulation cell by a factor ij (and the cell vector by ij ) which varies according to the 
difference between the instantaneous pressure of the system, P, and the external or 
target pressure, Pext,
7  = 1 -  —  (Pe»-P) (4-6)
T P
where f t  is the isothermal compressibility of the system and tp  is a user defined 
relaxation constant of the order of «1-2 ps. The instantaneous pressure of the system, P, 
is calculated from,
P = pkBT,„,+W IV  (4.7)
where p, V and W are the density, volume and internal virial,
w  = \ ' L r- r l i (4-8)
i = l
The choice of the box volume timescale, tp , is important as it needs to be short enough 
to permit the achievement of Pext, i-e. <P>=Pext in a simulation of reasonable length. 
However if it is too short the box volume dynamics might influence the dynamics of the 
molecules in the simulation cell in a physically unrealistic way.
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4.2.4: Varying Cell Shape.
In some situations (particularly in the simulation of solids), it is desirable to vary not 
only the cell volume but also the cell shape. This technique was first employed by 
Parrinello and Rahman [7] and may be considered as an extension of the Berendsen 
barostat procedure by defining the tensor
2  =  1 - — ( p « 1 - 2 )  ( 4 - 9 )
T P
where 1 is the unit matrix, ^ i s  the stress tensor. The quantities and rp are the same as 
those used in the isotropic implementation of this barostat. Having calculated the 
tensor, /?, the cell dimensions (as a tensor), are varied according to,
H{t + At) = H(t)y  (4.10)
Employing this variation of the Berendsen barostat enables simulations of systems 
under constant size, stress and temperature.
4.2.5: Interatomic Interaction Forcefield.
The ‘forcefield’ is the parameterised potential surface between the atoms and can be 
used to derive the forces acting on the atoms in a simulation. The atoms may be part of 
molecules, and the bonds are part of the forcefield. The structure may be further 
constrained by the inclusion of bond angle and dihedral angle functions so that the 
molecule will adopt realistic conformations. The functions used to describe these 
intramolecular terms may then be parameterised using experimental data, e.g. force 
constants derived from infra red spectroscopy. Functions and parameters for the short- 
range intramolecular forces, inter- and longer-range intramolecular forces, such as van 
der Waals interactions are also included. The potential and forces acting on each atom 
in the system may be calculated from their relative positions in Cartesian space and the 
parameterised forcefield, and the system evolved as described in Section 4.2.1.
The choice of forcefield is very important since it dictates the accuracy and efficiency of 
the simulation. As the number of calculations increases (at worst) as the square of the 
number of particles, TV2, a large highly parameterised forcefield may provide an accurate 
simulation but bring to the problem an impracticable computational cost for a large 
system size. Conversely an over simplified forcefield is likely to give inaccurate 
results. A compromise between these extremes must be chosen satisfying the objectives
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of the simulation (‘fit-for-purpose’). It is also possible to vary the level of detail for 
different parts of the simulated system. For example, simulation of the reverse micellar 
structure of overbased detergent particles may offer a compromise with a relatively 
simple description for the alkyl tails of the surfactants but a greater level of description 
for the surfactant heads and CaC0 3  core. This was the approach adopted here, with a 
united atom model used to describe the surfactant carbon atoms and attached hydrogens, 
with additional coulombic interactions included for the headgroups of the surfactants. 
The CaCC>3 core included the greatest detail. For this reason the separate model hexane 
and CaCC>3 systems were modelled with the same forcefields used in the overbased 
simulations.
0oTO
- ^ - W V
Figure 4.2: a) bond stretching term of the Amber forcefield, b) bond angle term of the Amber forcefield. 
ib and 0o are the equilibrium bond length and bond angles respectively.
The term ‘united atom’ refers to the amalgamation of hydrogens into the carbon atoms 
they are bonded to. Hence the four atomic sites of a methyl group, -CH 3 , become one 
site of mass 15.035 g mol'1 with a single interaction centre. The forcefield used in the 
simulations is known as the AMBER forcefield attributable to Kollman et al [8,9], 
which was originally parameterised for proteins and DNA, but has also been extended 
for use with polymers and small molecules. The forcefield includes terms describing 
energy changes associated with bond stretching and bending (Figure 4.2), dihedral angle 
rotation (Figure 4.3) and out-of-plane distortion of flat moieties (Figure 4.4). The 
energy of the intramolecular terms of the AMBER forcefield is the sum of these terms,
^ i n t r a  ^ s t r e tc h  bend ^ d ih e d r a l o u t-o f-p la n e
The individual terms in the intramolecular energy are described in Eqs. 4.12-4.15. The 
bond stretching term is represented by a quadratic function,
^ s t r e tc h
UaracH = £  kb(r ~ ro) (4-12)
i = l
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where kb is the bond stretching force constant, ro the equilibrium bond distance and r the 
interatomic separation. The bond bending terms are described by,
^ b e n d
Ubend = 2 ke (# -0 ° )  <4 ' 13)
i=l
where k& is the bond bending force constant, $  is the equilibrium bond angle and 6  is 
the bond angle between the three atoms.
Figure 4.3: Dihedral angle used in the AMBER forcefield where <|) is the dihedral angle.
The dihedral angle term is given by,
N dihedral
u dlhtdml = £ * , ( l + cos((u^)-^o)) (4.14)
1= 1
where k# is the dihedral force constant, n the periodicity, the equilibrium dihedral 
angle and (j> the dihedral angle of the four atoms in question. This potential term is 
illustrated schematically in Figure 4.3.
The out-of-plane potential, used to keep aryl rings and carbonate ions relatively flat, 
has the same analytic form as the dihedral term, with an out-of-plane angle being 
defined as the dihedral angle between the four atoms defining the plane using the central 
atom (see Figure 4.4) as one of the terminal atoms defining the dihedral angle. The 
potential is then implemented as for the dihedral term with the newly defined out-of- 
plane angle in place of the dihedral angle,
^  out - o f  -  plane
U M - o f - p M e =  2 X ( 1  +  C O S ( ( " ' f ' ) _ ^ o ) )  ( 4 - 1 5 )
1=1
where kx is the out-of-plane force constant, n the periodicity, Zo the equilibrium out of 
plane angle and z  the calculated out of plane angle of the four atoms. This term in the 
potential is illustrated in Figure 4.4.
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Figure 4.4: Out of plane potential used in the AMBER forcefield.
Inter- and intramolecular van der Waals forces are implemented through the 12-6 
Lennard-Jones potential,
UVDW (r9) = 4 e
r \
r-\  V J r.\  V J
(4.16)
where s is  the depth of the potential well between two atoms, cris the particle separation 
at which Uvdj^ 0 and ry is the particle separation of the ith and j th particles. Figure 4.5 
shows the form of the 12-6 Lennard-Jones potential. The parameters ^and cr are 
specific to the atom pair types.
Coulombic interactions are also included for surfactant head groups, CaCC>3 core and 
the model CaCCb simulations, and are neglected in surfactant tail interactions and the 
model hexane simulations. The Coulombic interactions have the form,
z,z ;e
ZZ\U/ A__ (4.17)
where z, and zj are the point charges (in electronic charge units) of the interacting 
particles, e is the charge on an electron, £o is the permittivity of free space and ry is the 
interparticle separation. The point charges for surfactant head groups are taken from the 
ab initio calculations of Chapter 3 and scaled so that the overall charge of the molecule 
is equal to the charge (or half the charge) on the Ca used for the CaCCb interactions 
from Ref. 10. This preserves overall charge neutrality, while maintaining a reasonably 
realistic charge distribution for the surfactant head group. Repulsive terms in the 
interaction between these charged particles generally use the Lennard-Jones potential. 
Although, for the CaCC>3 in both core material and crystalline simulations, the 
interatomic repulsive terms between Ca - O, O - O and C - O were represented by a 
Bom-Mayer potential of the form,
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U rep (fy ) :=  A  eXP(- r ij >■B) (4-18)
which more realistically represents the electronic overlap between these ion pairs at 
close contact (this is the traditional analytic form for the repulsive interaction between 
ions). Tables 4.1 and 4.2 give all potential parameters for the Bom-Mayer repulsive 
potential for CaC0 3  of Dove et al. [10].
12-6 Lennard-Jones 
potential
S
r
Figure 4.5: The 12-6 Lennard-Jones potential showing parameters relevant to the potential. The short- 
range repulsive part, 1/r12, and long-range attractive part, -1/r6, of the potential are included.
Interaction A/eV b /A
Ca - 0 3943.5977 0.251570
0 - 0 2879.1262 0.252525
C - 0 1.7411309xl013 0.03873
Table 4.1: Parameters for the Bom-Mayer repulsive potential used for CaC03 simulation [10].
Atom Charge /e
Ca + 1.64203
O - 0.894293
C + 1.04085
Table 4.2: Atomic charges used for simulation of CaC03 [10].
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4.2.6: Non-bonded Truncation and Long-range Corrections.
Since the Lennard-Jones potential asymptotically approaches zero rapidly after several 
atomic diameters, the largest contribution to the energy and forces on a given particle 
come from the closest neighbours. The computational cost of a simulation can therefore 
be reduced by truncating the Lennard-Jones potential at a cut-off distance, rc so that any 
interactions beyond this distance are ignored and the force and interaction energy are set 
to zero. By applying this truncation to the potential the thermodynamic properties of 
the system are no longer equal to the ‘true’ values that would be calculated with without 
such truncation. This discrepancy may be partly compensated for by employing long- 
range corrections to the system to include in an approximate way the missing 
interactions. For a liquid it is reasonable to assume that the pair distribution function 
tends to unity at long-range, r>rc, allowing the estimation of the correction to the energy 
and pressure,
where p  is the density of the system. This is assuming no molecular correlations 
beyond the cut-off and a random distribution of molecules. The long-range correction 
for the energy is usually quite small but can be quite appreciable for the pressure. For 
the Lennard-Jones potential rc is about 2.5 a. Equations (4.19) and (4.20) can be 
employed for the short range non-bonded interactions. In the next section, long-range 
effects in Coulomb ( r 1) interactions are dealt with in a quite distinct way.
4.2.7: Coulombic Interactions and the Ewald Sum.
For the Lennard-Jones potential the interaction energy decays at long range r  6, allowing 
the use of spherical cut-offs to simplify the simulation. Coulombic interactions, 
however, decay as r 1 and hence any safe truncation of the potential would be many 
times the dimension of the interaction cell, which would be computationally 
impracticable. To deal with these prohibitively long-range interactions in a 
computationally efficient manner the Ewald method is often used. In this technique the 
simulation cell is treated as a unit cell of a crystal lattice. Two charge-distribution 
lattices, one in real and the other cast in reciprocal space, replace the point charge 
lattice. The first lattice corresponds to the point charges of the system with an 
additional gaussian charge density distribution of opposite sign centred at the point
(4.19)
(4.20)
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charges. This is the so-called real space lattice and the Gaussian distribution of charge 
around each point charge acts to ‘screen’ the interaction with neighbouring charges. 
Careful adjustment of the Gaussian range ensures a sufficiently rapid decay of this term. 
The other lattice is composed of the same Gaussian distribution of charges as the real 
space lattice, but of the opposite sign. The potential from this second charge 
distribution is calculated via a sum in the reciprocal space lattice. Figure 4.6 illustrates 
the two charge distributions.
Lattice I.
Lattice II.
Figure 4.6: Charge distribution in the Ewald sum for an electroneutral system containing charges of both 
signs q+ and q\ Both the real space lattice and the reciprocal space lattice are shown.
Omitting the factor (47ieo)_1, the Coulombic potential energy from these two lattices is 
calculated as follows,
N  N  (  oo
^ = 1/2L Z  I m j
erfc(/r|ri;/ + «|)
m j=i g„|=o
+ 1/2Z Z f  O / ^ I W y
1=1 j =1 k *  0
N
r •• + n\|-U —| J 
(  f _j^ .2 \4/r
\  K J
exp COS
Z < l f -  E
1=1 r..v
N
(4.21)
«=1molecules i< j
where n and k  are the real and reciprocal lattice vectors respectively, erfc(x) the 
complementary error function, M  is the number of atoms in a molecule and k  is an 
adjustment parameter which determines the width of the Gaussian distribution. The
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first term in the Eq. 4.21 deals with the real space sum, the second the reciprocal space 
sum, the third a self-correction term (which compensates for the inclusion of the 
Gaussian on the lattice site in the reciprocal space series) and the fourth term is a 
correction for the interactions between atoms of the same molecule. The final term is a 
surface term (corresponding to the surface of a sphere surrounding the lattice of 
simulation boxes in a vacuum). Typically k  is ~(4-5)/L where L is the length of the 
simulation box side.
4.2.8: Software and Computer Platforms.
All the Molecular Dynamics simulations reported here were made with software written 
in FORTRAN 90 by the author and implemented on DIGITAL ALPHAStations in the 
Chemistry Department of the University of Surrey and a SG Power Challenge at the 
University of Surrey Computer Centre.
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4.3: Molecular Dynamics Simulation of «-Hexane.
4.3.1: Introduction.
The simulation of /2-hexane using the AMBER united atom forcefield was undertaken to 
asses the validity of the hydrocarbon part of the forcefield. Many Molecular Dynamics, 
MD, simulations of n-alkanes have been carried out since Ryckaert and co-workers 
applied this technique to n-butane [11] and longer chain n-alkanes [12,13]. This has 
been followed by a great number of MD simulations of n-alkanes [e.g. 14-18] using the 
same united atom model to study structural and dynamical properties. Clarke and co­
workers [19-22] have also used this model to study the viscosity and diffusional 
properties of /2-hexane. The simulations presented here are similar to these previous 
works, however the forcefield differs in the functional form of the torsion potential used 
and the inclusion of a bond stretching term. Comparisons with previous experiments 
and simulation are made.
X-ray and neutron scattering experiments have been used to determine the molecular 
structure of various n-alkanes [23-29]. An experimental study of the diffusion 
coefficients of /2-hexane at various state points has been carried out [30]. This data can 
be used to test the adequacy of the model in reproducing dynamical behaviour.
4.3.2: Model and Computational Detail.
Unlike previous simulations of /2-hexane, the model used was based on the united atom 
AMBER forcefield, which includes bond stretching, bond bending and torsional 
potentials. Six united atom sites interacting through Lennard-Jones 12-6 potentials 
account for the intramolecular and intermolecular non-bonded interactions. 
Intramolecular Lennard-Jones potentials have been included for interactions between 
carbons separated by more than three atoms. Figure 4.7 shows the terms used in the 
forcefield. The values of the parameters in the forcefield are given in Table 4.3.
Constant volume and temperature simulations were carried out at various densities, 
namely 0.65, 0.70, 0.75 and 0.80 g cm'3. Simulations at each density were repeated at 
three temperatures, 250, 300 and 350 K. Each system contained 108 hexane molecules 
(648 atoms) initially placed on a face centred cubic lattice, which was allowed to melt at 
a low density (0.80 g cm'3) and high temperature (500 K) before being quenched to the 
desired temperature and compressed to the desired density. The systems were then
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equilibrated at constant temperature for 200 ps with a 2 fs timestep and a Lennard-Jones 
potential cut-off of 2.5 a t. Temperature scaling was then turned off and a ‘production’ 
simulation of 800 ps was carried out for each system. All properties were calculated 
during this period of the simulation. A temperature drift of no more than 4 K was 
observed for all systems.
Figure 4.7: Diagram showing the parameters used in the description of w-hexane. The terms describing 
bond stretching, bond bending and torsional terms are detailed in Section 4.2.5. a  and e characterise the 
Lennard-Jones non-bonded potential, with subscript t and subscript c denoting the terminal and central 
united carbons (-CH3 and CH2) respectively.
Parameter. Value.
ro, equilibrium bond length. 1.530 A
kh, bond stretch force constant. 1087.840 kJ mol'1
0o, equilibrium bond angle. 109.40 °
he, bond bend force constant. 263.59 kJ mol'1
<J)o, equilibrium torsion angle.
oOO
kt>, torsional force constant. 2.0 kJ mol'1
n, periodicity of torsion potential. 3.0
<jt, Lennard-Jones length parameter (terminal carbon). 4.0 A
et, interaction well depth (terminal carbon). 0.6276 kJ mol'1
<7C, Lennard-Jones length parameter (central carbon). 3.84 A
sc, interaction well depth (central carbon). 0.5021 kJ mol'1
Table 4.3: Numerical values of constants for forcefield used to the describe n-hexane interactions taken 
from refs. [8,9].
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4.3.3: Energy and Pressure Calculations.
Table 4.4 presents the component energies of the model hexane averaged over a period 
of 800 ps for each system. The long-range corrections to the energy caused by 
truncating the Lennard-Jones potential at 2.5 a  are included in Ulj. The intermolecular 
Lennard-Jones energies, U u-in te r, show an increase with temperature. The 
intermolecular component, U u-in te r, becomes more negative with increasing density, as 
the molecules pack more closely together. By comparison, there is very little change in 
the intramolecular Lennard-Jones energy, U u -in tra , as the temperature and density are 
varied, suggesting that the conformational distribution is not too sensitive to state point. 
This suggests that there is a minimal change in the relative separations of carbons 
greater than three atoms distant.
density 
/g cm'3
T /K U u -in te r 
/kJ mol'1
U u-in tra  
VkJ mol'1
Ustretch
/kJ mol'1
Ubend 
/kJ mol'1
Utorsion
/kJ mol'1
U tot 
/kJ mol'1
0.650 250 -25.769 -1.289 5.144 4.062 3.290 -17.170
300 -25.143 -1.210 6.235 4.956 4.107 -13.663
350 -24.473 -1.110 7.536 5.954 5.057 -9.644
0.700 250 -28.021 -1.235 5.147 4.088 3.304 -19.526
300 -27.224 -1.227 6.102 4.910 4.048 -16.200
350 -26.625 -1.169 7.383 5.736 4.787 -12.697
0.750 250 -29.782 -1.234 5.192 4.186 3.406 -21.242
300 -29.005 -1.130 6.310 4.939 4.050 -17.846
350 -28.144 -1.108 7.253 5.812 4.906 -14.291
0.800 250 -31.314 -1.149 5.248 4.167 3.380 -22.878
300 -30.315 -1.168 6.337 4.969 4.067 -19.320
350 -29.421 -1.147 7.238 5.719 4.780 -16.041
Table 4.4: Calculated inter- and intramolecular energies. Values for the inter- (UL-j inter) and 
intramolecular (U l-j intra) Lennard-Jones energies, bond stretch (Ustretch), bond bend (Ubend), torsional 
(Utorsion) and total potential energy including long-range corrections (Utot) are shown.
Turning now to the intramolecular bonded terms in the potential, the bond stretching 
energy shows little variation with density but tends to increase with temperature. The 
same trend is witnessed for both bond bending and torsional energy terms, perhaps this 
suggests that the temperature has a greater effect on the conformation of hexane 
molecules than the density.
The pressure for each simulation was calculated according to Eq. (4.7) corrected for 
interactions beyond the cut-off of the Lennard-Jones potential. The formula for the
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pressure is that given by Smith [31]. The calculation of the virial, W , contribution to 
the pressure (Eq. (4.8)) only included terms that are affected by scaling the coordinates 
of the atoms (e.g. an instantaneous change in the density of the system). For example, 
increasing bond lengths results in a change in the virial concerned, therefore bond 
stretching is part of the virial. However, the bond angle component to the virial is 
invariant to affine deformation since it is calculated from the angle between two vectors 
defining the bond length. The terms that are included are therefore the Lennard-Jones 
and bond stretching potential, but not the bond angle or torsional terms, which are 
dependent on the relative angles between vectors and not the separations between the 
atoms.
Table 4.5 shows the results of pressure calculations with the pressure correction due to 
interactions beyond the Lennard-Jones cut-off applied. As is to be expected, increasing 
density and temperature both cause the pressure to rise.
P /kbar(T /K )
density /g cm'3 250 300 350
0.650 -0.3778 -0.0171 0.32347
0.700 0.02431 0.52609 0.96917
0.750 0.86321 1.45848 2.03877
0.800 2.19535 2.96791 3.63285
Table 4.5: Calculated pressures from the «-hexane simulations.
To appreciate the absolute values of the pressure, Figure 4.8 compares the pressure 
against density for experimental [30] and simulated systems at several temperatures. 
This shows that the simulation correctly predicts the trends in pressure, however, the 
model slightly underestimates the pressure at high density. Nevertheless, the agreement 
is satisfactory and goes some way to validating the potential model. The combination 
of the Lennard-Jones 12-6 potential and the bond stretching potential would then appear 
to be slightly too ‘soft’ at short range. The bond stretching potential was described by a 
quadratic fit to the bottom of the actual potential well. This results in a good description 
of the forces at or near the equilibrium bond length, however at higher excitation 
energies, or when the atoms are forced closer together, the repulsive forces are probably 
underestimated, resulting in a potential that is slightly too ‘soft’.
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Figure 4.8: Plot of pressure against density for simulations at different temperatures compared to 
experimental values for pressure against density taken from reference 30. Experimental results are shown 
at 248, 298 and 333 K while simulation results are at 250, 300 and 350 K respectively.
4.3.4: Self-diffusion Coefficients.
The self-diffusion coefficient, Z>, was calculated for all systems using the Einstein 
relation for transport coefficients [4],
where a is a constant, A a variable intrinsic to the property and t is the time, valid in the 
limit of large t  and to  is a moving time origin [4]. To calculate the diffusion coefficient, 
Z=D, a is equal to 1/3 and the variable A is the position of the centre of mass of the 
hexane molecule, rb where i is over all molecules,
which is calculated in practice as 1/6 the slope of the plot of the mean square 
displacements, < [n ( to + t) -D ( to )]2>  against time. To calculate the slopes and to ensure
the purposes of calculating the diffusion coefficient. The final slope was then calculated 
as the average of these four 200 ps time sections by fitting a linear equation to the mean 
square displacement data.
(4.22)
(4.23)
that t  is suitably long, the 800 ps production run was split into four separate blocks for
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Figure 4.9 shows a plot of the mean square displacement (MSD) of the centre of mass 
of the hexane molecules against time for the four 200 ps time segments used in the 
calculation of the diffusion coefficient. The simulation was run at a temperature of 300 
K and a density of 0.70 g cm’3. It is worth noting that, after taking the increasingly poor 
statistics at long times into account, there is little difference in the slope of the plots 
between each time segment, suggesting that the system is well equilibrated and the 
simulations are carried out for adequate duration.
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Figure 4.9: Plots of mean squared displacement of the centre of mass of hexane against time. Data is 
taken from simulation at 300 K and 0.70 g cm"3, with each 200 ps shown separately.
Having acquired the data for the 200 ps time segments for each simulation, the four sets 
of data were averaged to give a more accurate plot of the mean square displacement. 
Figure 4.10 shows the effect of density on the mean square displacements. The 
temperature was fixed but the four simulations were carried out at the following 
densities: 0.65, 0.70, 0.75 and 0.80 g c m '. As would be expected there is a decrease in 
the MSD slope (and hence the diffusion coefficient) as the density was increased. Each 
plot displays a linear variation of the MSD with time, suggesting that the 200 ps second 
time segments are suitably long and that the average over four of these time intervals is 
adequate.
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Figure 4.10: Plots of mean square displacements of the centre of mass of w-hexane against time, averaged 
over four 200 ps time segments. Data is shown for simulations at 300 K and all densities given on the 
figure.
D /10'y m2 s '1 (T/K)-3
density /g cm' 250 300 350
0.650 2.495 ±0.163 2.944 ±0.282 3.301 ±0.290
0.700 1.408 ±0.156 2.092 ±0.241 2.263 ±0.338
0.750 1.013 ±0.047 1.187 ±0.105 1.547 ±0.243
0.800 0.424 ±0.047 0.721 ±0.094 0.939 ±0.072
Table 4.6: Table showing calculated values of the «-hexane self-diffusion coefficient from the 
simulations using Eq. (4.23).
Figure 4.11 gives the mean square displacements of the centre of mass of the hexane 
molecules to show the effect of temperature on the diffusion coefficient at two different 
densities, 0.80 g cm' and 0.65 g cm' . The diffusion coefficient clearly increases with 
temperature as the molecular mobility increases with thermal energy. This effect is the 
same at both densities. Table 4.6 presents the diffusion coefficients obtained from the 
mean square displacements of the n-hexane molecules using Eq. (4.23). The statistical 
uncertainties were calculated from the standard deviations in the slopes.
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Figure 4.11: Plots of mean square displacements of the centre of mass of «-hexane against time, averaged 
over four 200 ps time segments. Plots are shown to compare the effect of temperature at two different 
densities, 0.65 and 0.80 kg m'3.
As for the calculated pressures, the diffusion coefficients are compared with 
experimental data taken from the same source [30]. Figures 4.12-4.14 show plots of the 
self-diffusion coefficients from experiment and simulation at comparable temperature.
The self-diffusion coefficients calculated from simulation follow the experimental 
trends, however the absolute values at all temperatures are greater. This indicates that 
the hexane molecules in the simulation diffuse more readily than real hexane. Since the 
simulation values for D  are greater than those obtained for experimental hexane, the 
model molecules are probably interacting, in some fashion, more weakly than they 
should.
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Figure 4.12: Comparison of the calculated self-diffusion coefficients between experiment [30] and 
simulation. The self-diffusion coefficients are plotted against the density of the system. Results for 
calculations at ~250 K are shown.
5.5
5 Simulation 300 K 
Experimental 298 K4.5
4
3.5
3
2.5
2
1.5
1
0.5
0.64 0.66 0.68 0.7 0.72 0.74 0.76 0.78 0.8 0.82
p /g cm'3
Figure 4.13: Comparison of the calculated w-hexane self-diffusion coefficients between experiment [30] 
and simulation. The self-diffusion coefficients are plotted against the density of the system. Results for 
calculations at ~300K are shown.
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Figure 4.14: Comparison of the calculated «-hexane self-diffusion coefficients between experiment [30] 
and simulation. The self-diffusion coefficients are plotted against the density of the system. Results for 
calculations at ~350K are shown.
From the calculations of pressure and diffusion coefficients, it is possible to make a 
sound assessment of the forcefield. Since calculations of pressure at high density are 
underestimated, it is possible that the repulsive part of the Lennard-Jones and the 
quadratic bond stretch potential are not sufficiently steeply repulsive at small 
separations. Simulation results provide diffusion coefficients consistently greater than 
for experiment. This may be due to the molecular diameters of the LJ potential, a ,  
being too small. The omission of explicit hydrogen atoms in the forcefield could also 
be a contributing factor. This mean field treatment of the carbons may result in the 
potential being too ‘soft’.
4.3.5: Intermolecular Distribution Functions.
The local structure of the simulated hexane was investigated using the pair distribution 
function. The pair distribution function, g(r), gives the probability of finding a particle 
in a volume of space at a distance r from a central atom, relative to a completely random 
distribution of atoms at the same density. For a liquid the pair distribution function 
typically has a series of peaks at low r (of order a few molecular diameters) reflecting 
the short range order in the liquid. The function g(r) eventually tails off to a value of 
1.0, which indicates that there are no long-range structural correlations at these
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separations. For a solid the pair distribution has a series of discrete peaks with the 
distribution being near to zero between these peaks, which in principle continue 
indefinitely with separation, r. The pair distribution function is defined as,
g(r) = «(r) / Anpr2 Ar (4.24)
where n(r) is the number of atoms in the spherical shell bounded by r±Ar!2, and p  is the 
number density.
Figure 4.15 shows the intermolecular pair distribution function for all atoms in the 
hexane molecules. This shows a similar form to that computed from X-ray diffraction 
studies of n-butane near the boiling point [27] with a peak at ~5.2 A  and a broader peak 
at ~9 A  (see Figure 4.16). The peaks at 3.1 A  and 4.0 A  in Figure 4.16 due to the 
gauche and trans conformations are not present in Figure 4.15 since only intermolecular 
interactions are included in the calculation of the pair distribution function given in 
Figure 4.15. (The intramolecular g(r)s are presented later.)
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Figure 4.15: Simulations pair distribution function calculated for all carbons on different n-hexane 
molecules at a temperature of 300 K and a density o f 0.75 g cm'3.
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Figure 4.16: Experimental carbon-carbon pair distribution function for liquid n-butane at 267 K. This 
data is taken from X-ray diffraction studies [27].
Figure 4.17 shows the intermolecular carbon-carbon pair distribution function resolved 
into contributions from the different types of carbon atom. The radial distribution 
functions shown are between terminal carbons (labelled t-t in Figure 4.17), between 
terminal carbons and central carbons (labelled c-t, where central carbons are the all 
carbons other than terminal carbons) and between only central carbons (labelled c-c). 
These intermolecular pair distribution functions highlight some interesting features of 
the structure of the liquid. The first peak of the all-carbon pair distribution function 
(Figure 4.15) is found at 5.3 A ,  which clearly is the average of quite different 
correlations. Figure 4.17 reveals that there is more highly coordinated structure 
between terminal carbons of differing molecules, indicated by the peak occurring at a 
shorter separation of 4.2 A . This peak does not show up as clearly in the all-carbon 
distribution function since it is averaged in with a much greater number of interactions 
between the central carbons of the hexane molecules. The high coordination at a shorter 
distance probably reflects the greater accessibility of the terminal carbons to carbons 
from other molecules, especially the terminal carbons on those molecules. This greater 
accessibility is possibly a result of the gauche conformations in the molecule, which 
wrap it into a slightly globular shape, restricting access of the central carbons to atoms 
from other hexane molecules. The difference in first peak position of the terminal 
carbon distribution (t-t) and the central carbon distribution (c-c) is approximately equal
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to the equilibrium C-C bond length, suggesting that approach of the central carbons is 
inhibited by the terminal carbons. This limits the access of the central carbons to each 
other by approximately one bond length. Consequently, despite the greater diameter (d) 
of the terminal carbons compared with the central carbons, we see greater proximity in 
the first coordination shell between carbons in the order: terminal - terminal > terminal - 
central > central - central atoms.
Figure 4.18 compares the intermolecular pair distribution functions for central carbons 
at the same temperature but at different densities. This shows that there is an 
increasingly sharp first peak as the density is increased. This is a plausible result as the 
increasing density forces the hexane molecules together, restricting the range of 
available configurations, which sharpens the first peak. This effect on the length scale 
and peak height displayed between the central carbons of hexane also occurs for 
interactions between terminal carbons and interactions between central and terminal 
carbons (Figures 4.19 and 4.20 respectively). The pair distribution function for terminal 
carbons shows the greatest increase in first peak height with the least decrease in the 
corresponding peak position. The smaller decrease in interaction separation is probably 
a result of the terminal carbon interactions generally being dictated by the Lennard- 
Jones length parameter, cr, as opposed to the accessibility of the central carbons which 
have more scope for changing with density as bond angles deform.
To summarise, the radial distribution functions between atoms on different molecules 
show a significant sensitivity to density, which may be attributed to changes in mean 
separations and perhaps bond angles distribution within the molecules. The effects of 
changes in temperature at constant density are now considered. Figure 4.21 compares 
the pair distribution functions for the terminal carbons at different temperatures but the 
same density. In this situation the peak positions do not change appreciably while the 
peak heights are reduced with increasing temperature (‘thermal broadening’). The same 
trend is seen for all carbon types. The terminal-terminal pair distribution functions 
show the greatest variation with temperature.
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Figure 4.17: Pair distribution functions between terminal carbons (labelled t-t), central carbons (labelled 
c-c) and terminal and central carbons (t-c) between atoms in different molecules. Results are shown for a 
simulation at 300 K and a density of 0.75 g cm'3.
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Figure 4.18: Comparison of the simulation pair distribution for interactions between the central carbons 
(c-c) of hexane at 300 K and varying density. Only carbon atoms on different molecules are included
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Figure 4.19: Comparison of the simulation pair distribution for interactions between the terminal carbons 
(t-t) of hexane at 300 K and varying density. Only carbon atoms on different molecules are included.
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Figure 4.20: Comparison of the simulation pair distribution for interactions between the terminal and 
central carbons (c-t) of hexane at 300 K and varying density.
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Figure 4.21: Comparison of the pair distribution function for terminal carbons at constant density of 0.80 
g cm'3, but different temperatures of 250, 300 and 350 K.
4.3.6: Intramolecular Distribution Functions.
As well as pair distribution functions between different hexane molecules, the 
probability density distribution of the separation between carbon atoms within the same 
molecule may also be calculated,
p(r) = n (r)/N mclAr (4.25)
where n(r) is the number of atoms in the spherical shell bounded by r±Ar/2, Nmoi is the 
number of molecules. The probability densities of atomic separations within the hexane 
molecules are dependent on the conformational distribution of the molecules. The 
conformation of a given molecule may be described by the set of torsion angles, which 
predominantly adopt values of 180°, 60° and -60°. These correspond to one trans 
conformation and two gauche conformations labelled T, G+ and G. respectively. Since 
there are three torsion angles within the molecule, any conformation may be described 
by a combination of these three angles. Having described all structures in terms of the 
torsion angles, the equilibrium atomic separations for each conformer may be calculated 
from the equilibrium bond length, bond angle and torsion angles. Table 4.7 shows the 
results of these calculations for all possible conformations between atoms separated by 
0, 1, 2, 3 and 4 carbons, labelled r^, ri3, r ^ r is  and r\e respectively. The conformations
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are labelled as above, with gauche conformations do not influence the separation of 
atoms on changing the sign having the subscript dropped.
Conformation r i2  / A ri3  / A r i4  / A r i s  / A r i6  / A
I T T 1.530 2.497 3.849 4.995 6.306
TTG 1.530 2.497 3.849 4.995 5.222
TGT 1.530 2.497 3.849 4.324 5.789
TGG 1.530 2.497 3.849 4.324 4.586
TG+G. 1.530 2.497 3.849 4.324 3.845
G+TG. 1.530 2.497 2.927 4.324 5.222
GTG 1.530 2.497 2.927 4.324 4.585
GGG 1.530 2.497 2.927 3.530 4.587
G+G+G. 1.530 2.497 2.927 3.530 2.925
G+G.G+ 1.530 2.497 2.927 2.493 1.523
Table 4.7: The intramolecular atomic separations for all possible conformations assuming the values of 
the torsional angles are at the minima of the potential surface. T and G correspond to trans and gauche 
conformations and the subscript + or - to the direction of the gauche conformation.
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Figure 4.22: Simulation intramolecular probability densities for separations between all carbons within a 
hexane molecule. The insert highlights the same plot restricted to separations between 4.5 and 7.0 A.
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Figure 4.22 shows the intramolecular probability density distribution of the carbon atom 
separations for all atoms in the hexane molecules for the simulation at 250 K and 0.8 g 
cm-3. The sharp peak at -1.5 A  corresponds to the nearest neighbor carbons, while the 
peak at -2.5 A  is associated with carbons separated by one atom along the chain. Peaks 
beyond this reflect an average that is weighted according to the different conformations. 
To clarify the origins of these various peaks, the probability density of separations 
between all carbons within a hexane molecule (Figure 4.22), have been resolved into 
components in the same way as for the intermolecular pair distribution functions. 
Hence the probability densities for separations between terminal carbons (end-to-end 
distance), between central carbons (with two intervening carbon atoms), and between 
terminal and central carbons are studied.
Figure 4.23 shows the radial dependent probability densities between terminal carbons, 
taken from a simulation at the same state point as for Figure 4.22. The figure is 
annotated with the contributing conformations using the notation of Table 4.7. The 
most dominant contributions to the conformations would appear to be TTG and G+TG. 
configurations, indicated by the large broad peak at -5.2 A  in Figure 4.23. This is in 
disagreement with a previous hexane simulation at a similar temperature and density 
(200 K and 0.81 g cm'3) which predicted a large sharp peak for the TTT conformation 
[22]. It is not until a temperature of 1000 K that the conformational weightings are 
similar to this study. X-ray diffraction studies on liquid n-alkanes, however, report that 
the proportion of TTT conformations should be lower than the proportion of trans 
segments next to gauche segments and that “on average, most trans segments have 
gauche segments as neighbours” [28]. This would then support the conformational 
weighting ascribed in Figure 4.23, i.e. a relatively low proportion of all trans segments.
Figure 4.24 shows the probability densities for separations between the four central 
carbon atoms in n-hexane. This data shows a sharp peak at -1.5 A ,  corresponding to 
the equilibrium bond separation, a peak at -2.5 A  for 1-3 separations and two broader 
peaks at -3.0 A  and -3.8 A  corresponding to gauche and trans conformations of the 
single internal torsion angle. This is in qualitative agreement with the experimental 
radial distribution functions from a study of liquid n-alkanes by small angle X-ray 
scattering, which shows a broad gauche peak at -3.1 A  and a sharper trans peak at -3.9 
A ,  as seen in Figure 4.25 [28]. Electron diffraction experiments on the gas phase 
molecules of n-hexane give 1-2 separations at 1.534 A ,  1-3 separations at 2.541 A ,  1-4 
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gauche separations at 3.062 A and 1-4 trans separations of 3.925 A all in good 
agreement with the simulation values [32,33].
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Figure 4.23: Simulation intramolecular probability densities for separations between terminal carbons 
(end-to-end distance).
Figure 4.26 shows the probability densities for terminal carbon and central carbon 
separation. As in Figure 4.25,1-2 and 1-3 carbon separations appear as sharp peaks and 
the gauche and trans peaks as a broad peak and a sharp peak at -3.0 A and -3.8 A 
respectively. Two peaks corresponding to the TG and TT conformations are found at 
-4.3 A and -4.9 A respectively. A GG peak at 3.53 A is conspicuously absent, 
suggesting the knee attributed to TTG, GTG and GGG conformations in Figure 4.23 
does not actually contain the GGG conformation.
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Figure 4.24: Simulation probability densities for separations between central carbons.
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Figure 4.25: The experimental «-pentadecane carbon-carbon distribution function showing the 1-2 and 1- 
3 separations and the G, T, TT, TTT and TTTT conformations. The data is taken from small angle X-ray 
scattering experiments reported in reference [28].
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Figure 4.26: Simulation probability densities for separations between central and terminal carbons in 
model M-hexane.
The intramolecular separations at a single state point (250 K and 0.65 g cm'3) have been 
discussed. By plotting the atomic separation probability densities at different 
temperatures and densities, we can see the effect of state point on the intramolecular 
structure. Figure 4.27 shows the probability densities for separations between all atoms 
in a hexane molecule at 350 K for various densities. The figure shows that the 
intramolecular distribution is extremely insensitive to density. Therefore distribution of 
molecular conformations is insensitive to density. The similarity of the peaks 
corresponding to gauche and trans segments with density, suggests that the overall ratio 
of these conformations is the same regardless of density. Experimental evidence has 
shown there is a weak increase in the gauche fractions between n-alkanes in the liquid 
and gas phase, so it is not surprising that there is very little change in the overall ratio of 
trans to gauche segments in the simulated liquid states.
Figure 4.28 again shows the probability densities between all carbons in n-hexane, this 
time fixing the density but varying the temperature. Once again there is very little 
difference in the plots, with the 1-2 interaction peaks becoming slightly less sharp with 
increasing temperature, suggesting temperature causes some ‘thermal broadening’ of the
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conformational distributions. The subtle changes to the intramolecular separations with 
temperature and density are in keeping with the slight changes in intramolecular 
energies with temperature and density (see Table 4.4).
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Figure 4.27: Simulation probability densities for separations between all carbons in a hexane molecule. 
Data is shown for the same temperature but varying density.
Figure 4.29 focuses on the effect of density on the probability distributions of the end- 
to-end distances at 250 K and various densities. Unlike the bond length, bond angle and 
trans/gauche ratios, the end-to-end distances show a pronounced sensitivity to density at 
250 K. There appears to be a trend to lower concentrations of TTG and G+TG. 
conformations with increasing density, and a corresponding increase in TGG and GTG 
conformations. However the TTT conformations do not follow this trend and the peak 
at 0.70 g cm" appears to be anomolously high. This point coincides with the state point 
at which the pressure goes from negative to positive (Figure 4.8), suggesting the two are 
linked. It may be that at 0.65 g cm'3 and 250 K, the hexane molecules are sufficiently 
spaced to be essentially independent and the intramolecular forces are dominant. As the 
density increases, molecules are more susceptible to intermolecular forces and the 
hexane molecules form a network of molecules with more stretched-out conformations
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(at -0.70 g cm’3). Increasing the density further forces the hexane molecules to fold and 
again adopt fewer all trans conformations. It should be noted that the insensitivity of 
the probability densities to the system density demonstrated in Figure 4.27 refers to the 
shorter range interactions. This effectively masks the end-to-end probability 
distributions dependence on the system density density, as shown in Figure 4.29.
Figure 4.30 focuses on the effect of changing density, at 350 K, on the probability 
densities for the end-to-end separation. At this temperature there is very little change in 
the relative ratios of conformations with density, suggesting that the increased thermal 
motion of the molecules dominate the effect of the forcefields.
Figure 4.31 shows the effects of increasing temperature on the probability densities for 
the end-to-end separations at fixed density (0.65 g cm'3). The plot shows that increasing 
the temperature leads to broadening of the conformational distribution as the energetic 
barrier to rotation is overcome by thermal energy. This would suggest that the hexane 
molecules tend to stay at a given conformation at low temperature and that increasing 
the temperature causes the hexane molecules to flip with greater facility between 
conformations. Only the peak corresponding to all trans segments appears to stay 
relatively constant with increasing temperature.
4.3.7: Summary and Discussion.
The simulation of w-hexane at various state points has highlighted the strengths and 
weaknesses in the forcefield used to describe aliphatic carbon interactions. The 
functional forms of the Lennard-Jones 12-6 and the quadratic bond stretch potential are 
perhaps a little ‘soft’ resulting in a slight underestimation of the system pressures at 
high densities. This also resulted in diffusion coefficients consistently higher than 
experimental values at all temperatures and densities. Intermolecular pair distribution 
functions show a fair agreement with experiment, and hence the structure of the 
simulated liquids is reasonable. Intermolecular structural behaviour with changing 
density and temperature is readily explained in terms of the volume available to hexane 
molecules and their thermal motion. The probability densities for intramolecular 
separations are consistent with experimental evidence, reflecting a good description of 
the intramolecular potential surface. Therefore the hydrocarbon part of the forcefield 
has been validated, and is sufficiently realistic for its use in the overbased particle 
simulations reported in Chapter 5.
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Figure 4.28: Probability densities for separations between all carbons in a simulation hexane molecule. 
Data is shown for the same density but varying temperature.
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Figure 4.29: Probability densities for end-to-end separations at constant temperature (250 K) and varying 
density applied to model hexane molecules.
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Figure 4.30: Simulation «-hexane probability densities for end-to-end separations at constant temperature 
(350 K) and varying density.
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Figure 4.31: Simulation n-hexane probability densities for end-to-end separations at constant density 
(0.65 g cm'3) and varying temperature.
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4.4: Molecular Dynamics Simulations of Calcite and Aragonite.
4.4.1: Introduction.
The other component of the overbased particles is the inorganic core. Inorganic 
materials are in general quite different to organic ones, in being dominated by enthalpic 
rather than entropic factors. Therefore to model both organic and inorganic components 
in the same system is a challenge and requires a thorough validation of the 
computational models for both. The interactions between these two different types of 
chemical system can only be effectively achieved in the overbased system simulations 
themselves.
Molecular Dynamics simulations have been used previously to study the properties of 
molten alkali carbonates [34-37]. These studies used pair potentials from ab initio 
calculations and showed that structural and dynamical properties are well described. A 
Molecular Dynamics study of the properties of molten CaC0 3  has also been undertaken
[38]. This study allowed the analysis of CaC0 3  melts at pressures and temperature 
beyond those accessible to experimental techniques, by employing the forcefield of 
Dove et al. modified to accommodate ‘rigid’ carbonate particles. Results of these 
simulations included an assessment of the structure of two crystalline forms of CaCC>3, 
calcite and aragonite, which showed close agreement with X-ray diffraction studies.
In this section constant volume and constant stress simulations have been performed on 
the calcite and aragonite phases of CaC0 3  to assess the validity of the forcefield of 
Dove et al. [10]. This study includes bond stretching and bending terms and an out-of­
plane term in the description of the carbonate anion. Where possible, comparison with 
experimental studies is made.
4.4.2: Model and Computational Details.
The interatomic potentials have been described in Section 4.2.5. Coulombic 
interactions have the analytic form given in Eq. (4.17), with parameters taken from 
Table 4.2, whilst the repulsive forces are incorporated using by a Bom-Mayer potential 
(see Eq. (4.18)), with parameters shown in Table 4.1. The intramolecular terms used to 
describe the carbonate ions use a bond-stretching term, shown in Eq. (4.12), a bond 
bending term, given in Eq. (4.13), and an out-of-plane potential of the form shown in 
Eq. (4.15). Only one type of bond stretch or bond bend is used to describe all stretching
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and bending motions in a carbonate ion, reflecting its symmetry. Parameters for these 
intramolecular forces are shown in Table 4.8.
The initial configurations of ions in the calcite and aragonite simulations were taken 
from crystallographic data. Calcite has a rhombohedral crystal structure with the R3c 
spacegroup. The lattice parameters are as follows, a=b=4.990 A, c= 17.061 A, a=P= 90° 
and /=120o [39]. Aragonite has an orthorhombic crystal structure with the Pmcn 
spacegroup and lattice parameters as follows, a=4.960 A, 6=7.964 A, c=5.738 A and 
a=p=y= 90° [40]. The calcite simulation cell was composed of 20 unit cells, four unit 
cells along a, five along b and one along c, whilst the aragonite simulation included 27 
unit cells, three along each of the a, b and c axes. Figures 4.32 and 4.33 show the 
calcite and aragonite systems modelled. Figure 4.32 a) shows the simulation cell 
projected along the c axis, whereas b) shows a projection along the b axis of calcite. 
The aragonite simulation cell in Figure 4.33 shows projections along the c axis (Figure 
4.33 a)) and along the a axis (Figure 4.33 b)).
Parameter Value
C-0 stretching force constant, kb 156.8 /kJ mol'1
C-0 equilibrium bond length, ro 1.283 Ik
O-C-O bond bending force constant, kg 29.2/kJ mol'1
O-C-O equilibrium bond angle, Oq 120.0°
Out-of-plane force constant, kY 2.4 /kJ mol'1
Periodicity of out-of-plane potential, n 2.0
Equilibrium out-of-plane angle, Zo
oO©00r-H
Table 4.8: Table of parameters describing the intramolecular interactions of the carbonate ions.
Two simulations where performed for the calcite and aragonite structures (see Figures 
4.22 and 4.23 for the starting configurations of the calcite and aragonite simulations 
respectively). First a constant volume simulation, which was allowed to equilibrate for 
500 ps with a timestep of 1.0 fs. Then a constant stress simulation was performed on a 
system at a pressure of 1 bar, which was deemed to have equilibrated when the volume 
of the simulation cell had settled to a virtually constant value. Direct temperature 
scaling and corrections to eliminate the linear and angular momentum of the simulation 
cell were employed at each timestep. This maintained a temperature of 298 K for each
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simulation. The Ewald summation (see Section 4.2.7) was used to calculate the 
potential, forces and stress due to coulombic interactions, with a value of *=4.0/Z, 
where L is the shortest orthogonal cell dimension. System properties, such as energy, 
pressure and pair distribution functions, were then calculated from further simulations 
over a time interval of 200 ps at a timestep of 0.5 fs and a temperature of 298 K. 
System pressure was maintained at an average of 1 bar for simulations at constant 
stress.
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Figure 4.32: The initial starting configuration of the simulation cell for calcite. Oxygen atoms are shown 
in red, carbon in white and calcium in silver. Carbonate ions are shown with a stick representation for the 
bonds between carbon and oxygen atoms. The labels a) and b) denote projections along the c and b axes 
respectively.
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Figure 4.33: The initial starting configuration of the simulation cell for aragonite. The labels a) and b) 
denote projections along the c and a axes respectively. Atom colours are the same as for Figure 4.32.
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4.4.3: Constant Volume Simulations.
Figures 4.34 and 4.35 show the final system configurations of the calcite and aragonite 
simulations respectively. The calcite simulation shows projections along the c axis and 
b axis of the simulation cell. Comparison with Figure 4.32, the starting configuration, 
shows there is little difference between the structures. Thermal motion of the 
constituent atoms is evident as slight disorder in the structure. The final system 
configurations are shown along the c and a axes of the simulation cell. Again there is 
apparently very little rearrangement of the structure after the constant volume 
simulation, by comparison with Figure 4.33. This initial appraisal of the final system 
configurations would suggest that the calcium carbonate forcefield is sufficient to 
maintain the crystal structure of calcite and aragonite under a constant volume 
simulation regime.
A more quantifiable means of judging the success of the forcefield may be found by 
comparison of the pair distribution functions of the various components of calcium 
carbonate with the pair distribution functions calculated from X-ray diffraction data. 
Figures 4.46 to 4.41 show the pair distribution functions for calcium-calcium, calcium- 
carbon, calcium-oxygen, carbon-carbon, carbon-oxygen and oxygen-oxygen 
interactions respectively. All pair distribution functions are consistent with long-range 
coordination observed in crystalline structures.
The pair radial distribution functions for the constituent atoms of calcite and aragonite 
have been calculated from their crystal structures [39,40]. The results of these 
calculations are compared with the radial distribution functions calculated from the 
constant volume simulations. Values below 5.0 A are shown. It should be noted that 
the X-ray diffraction data yield a structure with many discrete atom separations, a great 
deal more than are observed in the constant volume simulations. This is possibly due to 
broadening of the peaks in the pair distribution function due to thermal motion, which 
coalesce the peaks for similar separations into one peak. Consequently, the values 
calculated from the crystal structure data have been treated so that separation values, for 
specific interactions, that are within 0.2 A are averaged to a single point value. This 
enables a more reasonable comparison with the pair distribution functions calculated 
during the constant volume simulations. The results of the pair distribution analysis are 
shown in Table 4.9.
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cFigure 4.34: The final configuration of the constant volume simulation for calcite. Oxygen atoms are 
shown in red, carbon in white and calcium in silver. Carbonate ions are shown with a stick representation 
for the bonds between carbon and oxygen atoms. The labels a) and b) denote projections along the c and 
b axes respectively. The simulation was carried out at 298 K and a density of 2.71 g cm"3.
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Figure 4.35: The final configuration of the constant volume simulation for aragonite. The labels a) and 
b) denote projections along the c and a axes respectively. Atom colours are the same as for Figure 4.34. 
The simulation was carried out at 298 K and a density of 2.944 g cm'3.
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Figure 4.36: The calcium-calcium pair distribution function for constant volume simulations of aragonite 
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3 
and the aragonite system density was 2.944 g cm'3.
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Figure 4.37: The calcium-carbon pair distribution function for constant volume simulations of aragonite
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3
and the aragonite system density was 2.944 g cm'3.
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Figure 4.38: The calcium-oxygen pair distribution function for constant volume simulations of aragonite 
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3 
and the aragonite system density was 2.944 g cm'3.
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Figure 4.39: The carbon-carbon pair distribution function for constant volume simulations o f aragonite
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3
and the aragonite system density was 2.944 g cm'3.
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Figure 4.40: The carbon-oxygen pair distribution function for constant volume simulations of aragonite 
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3 
and the aragonite system density was 2.944 g cm'3.
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Figure 4.41: The oxygen-oxygen pair distribution function for constant volume simulations of aragonite
and calcite. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3
and the aragonite system density was 2.944 g cm*3.
180
ru /A
Atoms i-j Calcite, XRD Calcite, Aragonite, XRD Aragonite,
Simulation Simulation
Ca-Ca 4.019 4.053 3.982 3.920
4.960 4.991 4.692 4.685
4.960 4.950
Ca-C 3.214 3.209 2.920 2.945
4.176 4.266 3.329 3.340
4.960 4.025
4.558
4.807 4.851
Ca-0 2.360 2.372 2.515 2.433
3.465 3.465 4.068 4.107
4.332 4.300 4.480 4.516
4.871 4.906
C-C 4.019 4.045 2.875 2.872
4.960 4.991 4.642 4.627
4.949 4.977
C-0 3.400 3.405 3.191 3.117
3.685 3.702 3.680 3.713
4.214 4.300 3.993 3.914
4.461 4.325 4.159
4.903 4.925 4.801 4.843
0 -0 3.213 3.320 3.095 3.120
3.420 3.599
4.224 4.240 3.978 3.824
4.749 4.308
4.946 4.925 4.517 4.513
4.628
4.880
4.960 4.990
Table 4.9: Comparison of the species resolved radial distributions determined from X-ray diffraction 
(XRD) data and Molecular Dynamics simulations for calcite and aragonite. Data is shown for values 
below 5.0 A. All simulations were carried out at 298 K, while the calcite system density was 2.71 g cm'3 
and the aragonite system density was 2.944 g cm'3.
As can be seen from Table 4.9, there is a good correlation between the main features of 
the pair distribution functions below 5 A calculated from the X-ray crystallographic data 
and the constant volume simulations of calcite and aragonite. All the main features of 
the experimentally determined pair distribution can be observed in the pair distribution 
function from the simulations. The aragonite crystallographic data appears to show a 
greater number of coordination separation values that do not appear in the simulation. 
This is perhaps due to ‘thermal broadening’ of the coordination peaks in the pair 
distribution function, which will merge peaks and mask others. This is particularly
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evident for the carbon oxygen and oxygen-oxygen interactions shown in Figures 4.40 
and 4.41, which do not show discrete well separated peaks due to the great number of 
interactions.
The agreement between experimental and simulated pair distribution functions would 
suggest that the forcefield effectively reproduces the structural features of calcite and 
aragonite when using constant volume simulations. However, it may be that the fixed 
volume of the simulation cell does not allow effective rearrangement of the atoms, thus 
‘fixing’ the structure. A more appropriate test of the forcefield may be to use a constant 
stress simulation regime, whereby the pressure of the system is fixed and the cell 
volume and shape are allowed to vary. This is the focus of the next section.
4.4.4: Constant Stress Simulations.
Constant stress simulations were performed on aragonite and calcite. The system was 
once again evolved from the same crystal structures used in the constant volume 
simulations, and allowed to equilibrate to ambient temperature and pressure (298 K and 
1 bar). The system was considered to have equilibrated when the volume of the 
simulation cell had settled to an almost constant volume.
Figure 4.42 shows the final system configuration of the constant stress simulation 
performed on calcite. Comparing this with the starting configuration (see Figure 4.32), 
it is evident that the calcite structure is not greatly altered by the simulation. Comparing 
the final and initial configurations of aragonite (see Figures 4.43 and 4.33 respectively), 
we see there is a marked difference. The equilibrium structure from the constant stress 
simulation suggests that the carbonate ions have rotated through an angle of ca. 60°, 
although the calcium and carbon positions have not altered appreciably. This would 
suggest that the forcefield has limitations in the constant stress regime. The deficiencies 
in the model may result from the difference in the carbonate geometry between the 
calcite and aragonite forms. The carbonate in calcite is highly symmetrical, with three 
equal carbon-oxygen bond lengths of 1.283 A, three equal bond angles of 120° and a 
planar arrangement of the carbons and oxygens. The carbonate ion in aragonite, 
however, has a single carbon-oxygen bond length of 1.288 A, two further bond lengths 
of 1.283 A, one bond angle of 120.1° and two other bond angles of 119.6°. The 
aragonite carbonate also forms a slightly pyramidal structure with an improper dihedral 
angle of ca. 184.1°.
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cFigure 4.42: The final configuration of the constant stress simulation for calcite. Oxygen atoms are 
shown in red, carbon in white and calcium in silver. Carbonate ions are shown with a stick representation 
for the bonds between carbon and oxygen atoms. The labels a) and b) denote projections along the c and 
b axes respectively. The simulation was carried out at ambient temperature and pressure.
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Figure 4.43: The final configuration of the constant stress simulation for aragonite. The labels a) and b) 
denote projections along the c and a axes respectively. Atom colours are the same as for Figure 4.42. 
The simulation was carried out at ambient temperature and pressure.
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The subtle differences in the carbonate geometry may be sufficient to distort the 
aragonite structure, especially under constant stress simulations, which are more likely 
to allow the simulation cell to relax into a different form. It should not be surprising 
that the forcefield behaves more appropriately for calcite since this is the form of 
calcium carbonate for which it was originally developed. Table 4.10 compares the unit 
cell parameters as calculated from X-ray diffraction (XRD) data and the constant stress 
simulations for calcite and aragonite. The equilibrium unit cell parameters of calcite 
calculated from the constant stress simulation show a close agreement with the X-ray 
crystallographic data. Aragonite, however, shows greater differences in the unit cell 
parameters. All three lengths, a, b c and are longer, suggesting the simulation cell has 
had to ‘stretch’ to accommodate the forcefield description of the calcium carbonate, 
which in turn increases the cell volume and decreases the system density. The density 
of the aragonite simulation cell after the constant stress simulation is now more akin to 
that of calcite, perhaps suggesting that the aragonite phase is tending toward this 
structure in an attempt to relieve stress on the system.
Calcite Aragonite
XRD Constant 
Stress (HgT)
XRD Constant 
Stress (NcrT)
a /A 4.990 4.976 4.960 4.987
b /A 4.990 4.978 7.964 8.637
c /A 17.061  ^ 17.449 5.738 5.869
a/° 90.00 90.01 90.00 90.00
fil° 90.00 89.98 90.00 90.00
y!° 120.00 119.98 90.00 90.00
vcen /AJ 367.914 374.518 226.659 252.810
p  /g cm'3 2.710 2.663 2.944 2.641
Table 4.10: Experimental and simulated values for the unit cell parameters and the density of calcite and 
aragonite. The unit cell side lengths are a, b and c while a, /?and /are the angles defining the unit cell 
shape. Constant stress simulations were performed at ambient temperature and pressure.
Table 4.11 compares the component energies of the constant volume and constant stress 
simulations of calcite and aragonite. Considering the calcite system energies, there is
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very little difference between the total energy of the constant volume and constant stress 
simulations. However the constant volume and constant stress simulations behave in 
slightly different ways. The constant volume simulation shows a lower coulombic 
interaction energy and a higher repulsive Bom-Mayer energy, both of which are 
reduced in magnitude in the constant stress simulation. This ‘relaxation’ is 
accompanied by an increase in the bond stretching energy, perhaps due to the constant 
stress simulation exhibiting a fractional increase in the volume of the simulation cell. 
This will relieve the attractive and repulsive potential between atoms on different 
molecules (including calcium), however the carbonate bond will be stretched by the 
slight increase in the average separations between calcium and oxygen atoms. The bond 
angle and out-of-plane energies do not change as appreciably between the constant 
volume and constant stress simulations, suggesting the flat equilateral carbonate 
geometry is consistent in both types of simulation.
Calcite Aragonite
Constant
Volume
(NVT)
Constant 
Stress (NgT)
Constant
Volume
(NVT)
Constant 
Stress (NgT)
Ucoulombic /kJ mol -1068.844 -1063.824 -1063.006 -1066.508
UBom-Meyer /kJ mol 101.475 94.963 92.754 90.940
UBond-stretch /kJ mol 2.608 4.344 7.238 8.069
UBond-angle /kJ mol 1.302 1.415 1.520 1.640
Uout-of-plane /kJ mol 0.927 0.610 0.700 0.008
UKinetic /kJ mol 18.459 18.459 18.445 18.446
U iota i /k J  m o l ' 1 -944.073 -944.032 -942.349 -947.405
Table 4.11: System energy components for the constant volume and stress simulations performed on 
calcite and aragonite. The table shows the coulombic interaction energy, Ucouiombio Bom-Mayer repulsive 
energy, U Bom-Meyer, bond stretch energy, U Bond-stretch, bond angle energy, U Bond-angie, out-of-plane energy, 
Uout-of-pianej kinetic energy, UKmetic? and total system energy Uiotai- The constant volume simulations were 
performed at 298 K and system densities of 2.71 and 2.944 g cm"3 for calcite and aragonite respectively. 
Constant stress simulations were performed at ambient temperature and pressure.
Turning to the aragonite simulations, it is evident that there is a large difference 
between the component energies of the constant volume and constant stress simulations. 
The total energy of the system decreases significantly on removing system volume and
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shape constraints. This change in the total energy is due to a decrease in both the 
coulombic and Bom-Mayer potential energies. A possible reason for this change in the 
interatomic potential energies may be the significant increase in the system size, 
reducing the repulsive potential energies and allowing a reorientation of the carbonate 
ion to maximise the attractive calcium-oxygen coulombic potential. The other 
significant difference in the component energies is observed for the out-of-plane 
potential. The constant stress simulations shows a reduction in this energy, as on 
relaxation the carbonate ions can adopt a more planar shape. The constant volume 
simulation did not show any great change in the crystal structure of the system, but 
exhibited a slight deformation from planar carbonate geometry. Since the potential was 
developed for the planar carbonate ion found in calcite, the constant volume simulation 
shows an increased out-of-plane energy as the carbonate is held in a pyramidal 
conformation by the crystal structure. The constant stress simulation, however, was 
able to relax the original crystal structure of aragonite sufficiently so that the carbonate 
ions become planar on average, thus reducing the out-of-plane potential energy.
Comparing the energies between the calcite and aragonite simulations, the total energy 
of the constant volume simulation was greater for aragonite, while the constant stress 
simulation showed a lower total system energy relative to the calcite simulations. This 
would suggest that the constant volume and shape simulation of aragonite is perhaps 
more appropriate in this context since calcite is the more stable form of calcium 
carbonate. The constant stress simulation resulted in artificially low system energies as 
it exposed limitations in the forcefield to model aragonite. This is not surprising since 
the forcefield was originally developed to model calcite and effectively reproduces the 
structural behaviour of calcite for both constant stress and constant volume simulations 
at ambient temperature and pressure.
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4.5: Summary.
The aim of this chapter was to test the accuracy and applicability of the forcefield to be 
used in the Molecular Dynamics simulation of overbased detergent particles. Other 
issues were to assess the software used to run the simulations and the application of that 
software. The validation of the forcefield was split into two sections. Namely the 
apolar alkyl portion of the surfactants used in the synthesis of overbased detergents and 
the polar mineral core comprising of calcium carbonate. These were tested using 
systems to which the respective parts of the forcefield apply, 22-hexane and two 
crystalline forms of calcium carbonate. These systems were chosen since they are well 
documented by experiment.
The 72-hexane simulations at various state points proved to reproduce the structural 
qualities of 22-hexane to a good approximation, while deviations between simulated and 
experimentally determined system pressures and self-diffusion coefficients highlighted 
some failings in the united atom forcefield. A slight underestimation of the system 
pressures at high density and consistently high diffusion coefficients suggest that the 12- 
6 Lennard-Jones potential was a little ‘soft’. However, the structural quantities such as 
the pair distribution function and the probability density distributions of the 
intramolecular separations were well-reproduced. This is perhaps more important since 
the simulation of the overbased detergent reverse micelles primarily focuses on the 
structure of the particles that are formed in each simulation. Clearly a good structural 
representation of 22-hexane allows more confidence in the structure of the aliphatic tail 
groups of the surfactants used in the overbased detergent simulations.
Constant volume and constant stress simulations of calcite and aragonite assessed the 
validation of the potential used to describe calcium carbonate. The constant volume 
simulations resulted in crystal structures that did not significantly differ from the 
starting configuration. Any differences were explained in terms of atomic thermal 
motion. The constant stress simulations, however, reproduced the structure of calcite 
but missed some of the features in the structure of aragonite, which exhibited a 
significantly increased system volume, and carbonate ions that rotated about the carbon 
centre forming a ‘new’ structure. Calcite is an easier structure to reproduce, as it 
consists of a more symmetric local structure. Also calcite is more thermodynamically 
stable than aragonite under ambient conditions. Considering the present application of
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the forcefield to the mineral core of overbased detergent micelles, it is perhaps more 
appropriate that the potential surface is more applicable to calcite than to aragonite. The 
Magic Angle Spinning NMR results reported in Chapter 2 suggest that the carbonate ion 
of the mineral core of the overbased detergent particles is more akin to that observed in 
calcite. Ab initio quantum mechanical calculations which calculated the magnetic 
shielding constants of the carbonate observed in calcite and aragonite support this 
hypothesis. Consequently, the results of the Molecular Dynamics simulations of calcite 
suggest that the forcefield should be appropriate to the simulation of the calcium 
carbonate core of overbased detergents.
In conclusion, this chapter has helped to validate the aliphatic and polar portions of the 
forcefield to be used. It has also highlighted potential areas in which the model is 
inadequate and helped to validate the use of the model in Molecular Dynamics 
simulations in the study of overbased detergents.
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5.1: Introduction.
The experiments that were reported in Chapter 2 allowed the characterisation of the 
overbased detergent particles. The Langmuir trough experiments determined the size, 
interaction strength and possible anisotropy of individual micelles. The formation of 
Langmuir-Blodgett films also gave particle sizes and suggested deviations from 
spherical particle geometry for many of the overbased detergent systems such as the 
phenates and calixarates. Magic angle spinning NMR helped to assign and confirm the 
chemical species that are present in these particles. However, these techniques are not 
able to explore the effects of the surfactant on the geometry of the micelle or the spatial 
distribution of the surfactants around the core of the micelle.
Atomistic Molecular Dynamics, MD, simulations were undertaken in an attempt to 
study the effect of various types of surfactant on the structure of the overbased detergent 
particles. Although, this technique has proved useful in the study of overbased 
detergents at the atomistic scale is has not been extensively used to study these systems. 
Tobias and Klein applied this technique to study calcium carbonate reverse micelles 
with an alkyl sulphonate as the surfactant [1]. This study showed a spherical particle 
with sulphonate surfactants evenly distributed over the surface of the core. The 
surfactant conformation showed sensitivity to the presence of solvent. The surfactants 
wrapped themselves around the carbonate core in the absence of solvent, but protruded 
significantly into the solvent when it is included. Griffiths and Heyes carried out a 
similar study of the micellar geometry of overbased phenates using Molecular 
Dynamics [2]. This study suggested a deviation from spherical geometry for this class 
of overbased detergent, with an oblate spheroidal structure being formed with 
sulphurised alkyl phenol surfactants distributed around the ‘equator’ of the calcium 
carbonate core.
This chapter determines the effect of the surfactant on the geometry and structure of the 
reverse micellar particles. Overbased detergent systems that use stearate as co­
surfactants were also studied, as well as the effect of solvent on these reverse micellar 
species. A means of constructing the reverse micelles without a biased pre-arrangement 
of the surfactants was formulated and is discussed.
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5.2: Molecular Dynamics Simulation of Model Overbased Detergents.
5.2.1: Introduction.
A comparison of the effect of various surfactants on the structure of overbased 
detergents was undertaken. Experimental studies of the overbased detergent particles 
suggest a significant range of particle sizes occur according to the type of surfactant 
used. To simplify the issue of the effect of the surfactant on the structure of the 
overbased detergent particles, micelles with a common composition were modelled, 
regardless of the actual experimental sizes made for that particular class of surfactant. 
To assess the effect of the surfactant on the reverse micelle, the system needs to be large 
enough to observe structural differences {i.e. a single surfactant molecule is clearly 
insufficient), while maintaining some physical significance to a reference system. Since 
MD simulations have shown that the structure of the overbased phenates show 
significant structural features at a physically realistic simulation size {i.e. an oblate 
spheroidal or discus shape) [2-4], this class of overbased detergents was chosen as the 
reference system.
A further issue addressed here is the computational procedure used to construct the 
system. Simulations suggest that the surfactants are bound to the core of the reverse 
micelle by strong coulombic forces originating from the core material. Consequently 
the surfactants are unlikely to move significantly from their initial position at the 
surface of the micelle after initial attachment. A means of deploying the surfactants 
around the core without artificial bias was required. A technique to accomplish this is 
described and was tested.
5.2.2: Micelle Construction Technique.
Previously, two techniques have been used to create the overbased detergent particles in 
the simulation. Tobias and Klein built micelles by ‘cutting’ a spherical core from a 
crystal of calcite and placing the alkyl phenate surfactants evenly around the core [1]. 
The surfactants were placed with the sulphur ca. 2.5 A from the surface of the core, 
with the tail groups extended outward radially from the core. This structure was then 
‘relaxed’ using energy minimisation techniques before simulations were performed. A 
disadvantage with this method of constructing the reverse micellar particle is that the 
surfactant molecules were distributed around a preformed micellar core prior to the MD 
simulation. Since the strongly bound surfactants are unlikely to show any significant
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movement after this construction during the ‘relaxation’ phase, the overall structure was 
essentially pre-determined. Griffiths and Heyes constructed the reverse micellar 
particles by a more step-by-step process [2]. This procedure involved adding a 
molecule, one at a time at an unbiased position some distance from the growing cluster. 
The new cluster was allowed to equilibrate and another molecule was added until the 
correct number of each component had been introduced. This technique solves the 
problem of a pre-determined arrangement of surfactants, however it is somewhat time 
consuming, and does not take into account any of the chemical processes that might 
have been involved during particle formation.
The method of micelle construction used here employs aspects of both of the previous 
techniques. Micelles were initially formed in a similar fashion to the method of Tobias 
and Klein. A calcium carbonate core containing the desired number of species was 
‘cut’ from a calcite crystal in a shape as close to spherical as possible. Simulations at a 
high temperature (-1000 K) were performed to remove any crystalline structure, as 
experimental evidence suggests an amorphous core [5-7]. After quenching down to 298 
K, surfactants were then deployed at random positions equidistant from the core, with 
surfactant oxygens typically ca. 2 A from the mineral surface. Surfactants were aligned 
radially to the centre of mass of the core, with alkyl tail groups pointing ‘outward’. The 
centre of mass of each of the molecules in the system was then scaled by a factor of 
three so that the structure was more diffuse. Each molecule was given an initial velocity 
in the direction of the origin (defined here as the centre of mass of the core) and the 
system was allowed to evolve at 500 K. The final structure was then allowed to 
equilibrate at a temperature of 298 K for 500-1000 ps before a final simulation of a 
further 500 ps was used to collect the data presented below.
5.2.3: Model and Computational Detail.
The forcefield used to model the surfactants in the Molecular Dynamics simulations was 
the unified atom forcefield, AMBER, of Kollman et al [8,9], while the calcium 
carbonate core was modelled using coulombic charges and a repulsive Bom-Mayer 
potential parameterised by Dove et al. [10]. These two components of the forcefield 
were discussed in Chapter 4. The surfactant point charges were assigned according to 
the results of the ab initio calculations presented in Chapter 3.
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All production simulations were carried out under vacuum and at a constant temperature 
of 298 K after being constructed in the manner described in Section 5.2.2. The vacuum 
simulations negate the need for periodic boundary conditions. No truncation was 
applied to the coulombic interactions while the Lennard-Jones interactions were 
truncated at 2.8 <jmax, where crmax was the largest Lennard-Jones diameter. A timestep of 
1 fs was used throughout.
5.2.4: System Details.
The model overbased detergent systems were based upon the work of Griffiths and 
Heyes [2]. The 250 TBN phenate was modelled with 10 calcium carbonate and 6 
calcium phenate molecules. This resulted in a micelle with a mineral core and 
surfactant shell diameter that agreed with experimental values [2-4]. The 250 TBN 
phenate provided the reference structure, as it is by now fairly well documented. Three 
other surfactant types were then included in the study, with system component ratios 
and surfactant tail groups the same as for the 250 TBN phenate. These include a 
sulphonate, salicylate and calixarate system.
The surfactant tail groups were kept the same for each system and were based on the 12 
carbon (C12) propylene tetramer described in Chapter 2 (see Reaction Scheme 2.1). To 
maintain a consistent system size and to aid in the comparison of surfactant type, the 
number of surfactants was based on the number of alkyl tails. Since 6 phenate 
molecules were used to build the reference system, this resulted in 12 alkyl tails. 
Consequently, 12 sulphonate, 12 salicylate and 2 calix[6]arate molecules were used to 
build the sulphonate, salicylate and calixarate systems respectively. To maintain a 
consistent calcium to surfactant mass ratio (and hence TBN), the number of calcium 
ions was based on the mass percentage of calcium in the phenate simulation subject to 
the constraint that the electro-neutrality of the system needed to be preserved. The mass 
percentage calcium in the phenate simulation was equal to ca. 14 %. Table 5.1 shows 
the number of each of the components in the phenate, sulphonate, salicylate and 
calixarate simulations. Further, it was assumed that 3 of the 6 phenol units of the 
calix[6]arate were deprotonated, both of the phenol units in the phenate were 
deprotonated and the sulphonate and salicylate surfactants were singly deprotonated. It 
should be noted that only the phenate system composition is consistent with an 
experimental system synthesised in the laboratory, the remaining systems were not 
constructed to conform to any actual experimental material. This is particularly true of
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the sulphonate simulation, where documented particle diameters are consistent with a 
larger number of surfactants and calcium carbonates than shown in Table 5.1.
System Nsurf NsurftNca NcaCo3 Mass % Ca
Phenate 6 1 10 14.1
Sulphonate 12 2 13 14.0
Salicylate 12 2 11 13.9
Calixarate 6 2/3 13 13.9
Table 5.1: System components for the model overbased detergent simulations. N Sur f is the number of 
surfactants, Ncaco3 the assumed number of surfactants to calcium ions (not including calcium carbonate) 
and NcaCo3 is the number of calcium carbonate molecules
5.2.5: Attractive and Repulsive Alkyl Tail Groups.
Tobias and Klein performed simulations on overbased sulphonate micelles in carbon 
tetrachloride and toluene solutions, and in vacuo [1]. In the vacuum simulation, the van 
der Waals attractions resulted in the surfactant tails folding over to cover the surface of 
the mineral core, while in solution the surfactant tails extended into the solvent because 
there were now van der Waals interactions with the solvent molecules. The solvated 
micelles showed behaviour more akin to classical amphiphilic behaviour, i.e. 
stabilisation of the interface by hydrophobic tail groups and hydrophilic head groups.
To parallel the effect of a solvent on the systems simulated here, a means of artificially 
reducing the energetic gain of the tail groups interacting with core material was 
employed. The initial construction techniques and equilibration simulations employed 
surfactants that possessed both the attractive and repulsive parts of the Lennard-Jones 
potential [11]. To simulate the effect of a solvent on the overbased nanoparticles, 
without explicitly introducing solvent molecules, the simulations were repeated with tail 
groups that only included the repulsive part of the Lennard-Jones potential in the non­
bonded interactions. This would, in effect, accentuate the hydrophobic nature of the tail 
groups, thus mimicking the effect of a solvent on the micelle. To maintain the 
hydrophilic aspect of the surfactants, the forcefield defining the headgroups (including 
benzyl carbons) was left intact.
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5.2.6: Final system configurations.
Figures 5.1-5.8 show pictures of the final system configurations. Figure 5.1 shows the 
phenate system with the attractive part of the Lennard-Jones potential included in the 
forcefield of the hydrocarbon chains. The shape of the micelle is an oblate spheroid 
(discus) consistent with the previous simulation studies of this system [2,3]. Figure 5.1
a) shows the ‘front’ of the micelle with the surfactants arranged around the ‘equator’ of 
the core, while b) shows a ‘side’ projection of the flattened micelle with the core 
protruding above and below the surfactant layer. Despite the lack of solvent, the 
surfactants do not show any ‘wrapping’ around the mineral core as has been observed 
for sulphonate systems [1]. This may due to the longer and virtually unbranched 18 
carbon chains of the sulphonate surfactants, which are more likely to fold due to 
decreased steric hindrance. The shorter highly branched chains of the propylene 
tetramer tail of the phenate molecules are less likely to fold and hence interact with the 
micellar core. This may partly explain the shape of the micelle. Since the tail groups 
are less likely to be stabilised by core-tail interactions, the tail-tail interactions will 
dominate during the formation of the micelle. Consequently, the phenate molecules will 
prefer to arrange themselves next to each other, thus forming a continuous arrangement 
of sulphurised alkyl phenols around the core. This process is perhaps enhanced by the 
‘dimeric’ nature of the surfactants. Since two phenolic units are constrained to be next 
to each other, the likelihood of the tails stabilising each other via intramolecular 
interactions is increased and the likelihood of the tail groups ‘wrapping’ around the core 
correspondingly decreased. Furthermore, the shape of the phenate molecules enables a 
compact packing arrangement. Interactions with other surfactants would then begin to 
‘build’ a structure where tail-tail interactions are optimised with the most facile 
arrangement of surfactants being that where they are closest together with the benzene 
rings compactly arranged. This then results in surfactants that are ‘inter-locked’, closely 
packed and equatorially arranged. Figure 5.2 shows the final configuration for the 
phenate simulation using repulsive alkyl tails. The structure is not grossly affected by 
the different potential, with the same oblate spheroidal structure being formed. This is 
presumably due to the strong coulombic interactions between core and surfactant 
headgroup ‘locking’ the phenate molecules in place. Since the formation of the micelle 
was achieved by using the attractive tails, the altered potential has little effect on the 
general structure. There is, however, a greater tendency for the surfactant tails to 
‘splay’ out, which results in the alkyl chains projecting above and below the plane of the
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disk. This structure also appears to show tail groups that are more extended, consistent 
with the solvated simulations of overbased sulphonates carried out by Tobias and Klein.
The final system configurations of the sulphonate particles using attractive and 
repulsive alkyl tails are shown in Figure 5.4 a) and b). Considering Figure 5.4 a), the 
technique used to construct the micelle has resulted in surfactants that are distributed in 
patches around the surface of the mineral core. The disk-like structure of the phenates 
has been lost. However, the surfactants are still preferentially interacting with each 
other, rather than the mineral core, with clumps of surfactants being unevenly 
distributed around the core. This is possibly due to the relative inflexibility of the 
propylene tetramer tail and the pyramidal nature of the SO3 group attached to the core. 
Since all three of the oxygens in the surfactant head group are equivalent, the surfactant 
will be more effectively anchored where the benzyl carbons and alkyl tails protrude 
radially from the micelle. This prevents the surfactants from ‘bending over’ to associate 
themselves with the core material (see Figure 5.3). Figure 5.4 b) shows the effect of 
switching off the attractive component of the Lennard-Jones potential in the 
hydrocarbon tail. This results in a much more evenly distributed arrangement of single 
surfactants around the mineral core. Once again the repulsive tail groups cause the 
surfactants to extend further out from the centre of the micelle in an arrangement that is 
much closer to the previously studied solvated sulphonate micelles [1 ].
Bulky inflexible
surfactant tail
S03 group anchori 
the surfactant 
perpendiular to th 
core surface.
Surfactant forced to 
extend from the surface, 
reducing the likelihood of 
tail-core interactions.
Surface of 
mineral core
Figure 5.3: Snapshot of a single sulphonate surfactant at the surface of the micelle. Taken from the 
sulphonate simulation utilising attractive alkyl tail groups.
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a)
b)
Figure 5.1: a) Front and b) side projections of the final system configuration of the phenate simulation
using attractive alkyl tail groups. Space filling (calcium ions) and stick (all other molecules)
representations are used.
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a)
b)
Figure 5.2: a) Front and b) side projections of the final system configuration of the phenate simulation
using repulsive alkyl tail groups. Space filling (calcium ions) and stick (all other molecules)
representations are used.
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a)
b)
Figure 5.4: Space filling (calcium ions) and stick (all other molecules) representation of the final system 
configurations for a) overbased sulphonate particle using attractive alkyl tails, b) overbased sulphonate 
particle using repulsive alkyl tails.
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Figure 5.6 shows the final configuration of the salicylate simulations a) with attractive 
alkyl tails and b) with repulsive alkyl tails. The salicylate simulation utilising attractive 
alkyl tails results in a micelle where the surfactants are quite tightly wrapped around the 
core material compared to both the phenate and sulphonate simulations. Unlike both the 
phenate and sulphonate surfactants, the headgroup is quite free to reorientate itself with 
respect to the core surface (see Figure 5.5). The sulphonate surfactant is able to anchor 
the headgroup very rigidly at the core interface by virtue of the trigonal arrangement of 
oxygens. The phenate is also rigidly held due to the sulphur bridged dimeric nature of 
the surfactant. The salicylate, however, principally coordinates to the core via the 
carboxyl group, which is able to rotate along a line between the carboxyl oxygens. 
Furthermore, the propylene tetramer is orientated meta to the principle point of 
attachment between the surfactant and the core. This naturally places the alkyl tail 
within ‘reach’ of the core surface, without the need for considerable deformation of the 
surfactant. Consequently, tail-core interactions are perhaps more facile than the tail-tail 
interactions which are responsible for the micellar shapes observed from the phenate 
and sulphonate simulations. The salicylate simulation that used repulsive tail groups 
shows a slightly different structure, in which the surfactants now extend from the 
surface of the core to a much greater extent.
Propylene tetramer 
meta to the carboxyl
Greater surfai 
freedom compe 
the sulphom
Mineral core
surface
group
Close interaction 
between tail group 
and core surface
Figure 5.5: Typical orientation between surfactant and core surface observed in the salicylate simulations 
utilising attractive alkyl tails.
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a)
b)
Figure 5.6: Space filling (calcium ions) and stick (all other molecules) representation of the final system 
configurations for a) overbased salicylate particle using attractive alkyl tails, b) overbased salicylate 
particle using repulsive non-bonded alkyl tails interactions.
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Figures 5.7 and 5.8 correspond to the final configurations of the calixarate simulations 
with attractive and repulsive tail groups respectively. The structure of the micelle 
shown in Figure 5.7 shows a departure from the shapes of the previous overbased 
systems. The micelle is comprised of a mineral core that is ‘end-capped’ by the 
calixarate surfactants. Figure 5.7 a) shows the ‘side’ projection of the structure, while
b) shows the ‘end’ projected through the centre of the macrocyclic calixarate rings. If 
we consider the phenate micelle as an oblate spheroid (one minor axis and two major 
axes), the calixarate shape is more akin to a prolate spheroid (with one major axis and 
two minor axes). The reason for the structure is a consequence of the limited number of 
ways in which the calixarates are able to orient themselves with respect to each other 
and the core. The attractive tail units are mostly stabilised by intramolecular 
interactions, although some interaction between the phenolic units on the two surfactant 
molecules has distorted the structure so that one side of the micelle (the bottom of 
Figure 5.7 a) exposes a greater amount of core material. The reason for the observed 
structure probably has its origin in the same factors that produce the distinctive phenate 
structure. As for the phenate (only to a greater extent), the phenolic units of the 
calixarate are geometrically disposed to position themselves in a well-defined 
arrangement. Consequently, there is little or no scope for interaction between tail 
groups and the core and tail groups on differing calixarates. This results in phenolic 
units that are predisposed to be orientated with respect to one another in a stable 
geometrical arrangement.
Figure 5.8 shows the configuration for the calixarate simulation utilising only repulsive 
tails. The structure is very similar to that observed for the attractive tail simulation, 
however, the end-capped nature of the structure is better defined and the surfactant tails 
extend from the micelle to a greater extent. The exposed portion of the core is more 
symmetrical than that observed in the simulation with non-bonded attractive forces 
between the hydrocarbon tails, with an equatorial band of core surface which is 
uncovered. As discussed earlier, it is probable that repulsive tail groups produce a more 
realistic structure for the micelle in a hydrophobic solvent such as an engine oil.
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a)
b)
Figure 5.7: a) Side and b) end projections of the final system configuration of the calixarate simulation
using attractive alkyl tail groups. The end projection is directed through the centre of the macrocyclic
calixarates. Space filling (calcium ions) and stick (all other molecules) representations are used.
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a)
b)
Figure 5.8: a) Side and b) end projections of the final system configuration of the calixarate simulation
using repulsive alkyl tail groups. The end projection is directed through the centre of the macrocyclic
calixarates. Space filling (calcium ions) and stick (all other molecules) representations are used.
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An initial appraisal of the simulations has shown that the structure of the nanoparticles 
is strongly dependent upon the chemical nature of the surfactant. The finest atomistic 
detail of the surfactant headgroup and the larger scale shape of the surfactant can 
impose quite different structures. A key feature appears to be the level of constraint 
imposed on the surfactant tails by the structure of the surfactant headgroup. The 
sulphurised alkyl phenol is composed of two phenolic units bridged by a sulphur group 
and has a disk-like structure in the shape of an oblate spheroid. The calixarate provides 
a surfactant where a greater number of phenolic units are constrained, which results in 
an end-capped structure with the particles taking on a prolate spheroidal shape. Both 
the monomeric surfactants (sulphonate and salicylate) form spherical micelles, although 
there are some differences because of differences in the chemical nature of the 
headgroup. The sulphonates extend to a greater extent from the micelle than other 
surfactants by virtue of strongly bonded trigonal arrangement of the headgroup oxygens. 
This may, to a certain extent, explain the stability of the sulphonate class of overbased 
detergents and their relative success in achieving high levels of overbasing. The 
salicylate surfactants are able to orientate more freely at the core interface, with the 
protrusion of the tail groups being hampered by the relative orientation of the alkyl tail 
to the point of connection with the core. This may destabilise the nanoparticles when 
dispersed and cause the relatively low level of overbasing achievable by using alkyl 
salicylic acid alone (ca. 300 TBN).
5.2.7: Pair Distribution Functions.
The pair radial distribution functions (as calculated from Eq. 4.24) have been calculated 
for the atoms that compose the core species. There is very little difference between the 
pair distribution functions observed for the simulations utilising attractive and repulsive 
alkyl tails. This would suggest that the core structure is unaffected by the surfactant 
tails, which is understandable since the configuration pictures tend to suggest the 
surfactants generally extend away from the core. Hence only the results from the 
simulations using attractive tails are presented. Figures 5.9-5.14 show the pair 
distribution functions calculated for calcium. The calcium-calcium pair distribution 
function is shown in Figure 5.9 for all system types. The presence of a sharp first 
coordination peak is observed at separations of 3.85, 4.25, 4.1 and 3.92 A for the 
phenate, sulphonate, salicylate and calixarate particles respectively. This suggests that 
the monomeric surfactants behave differently to the phenate and calixarate surfactants. 
The shorter separation observed for the phenates and calixarates possibly originates in
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the multidentate nature of these surfactants. These ions locate more deprotonated 
hydroxy oxygens over a small area compared to the monomeric sulphonates and 
salicylates. This may be increasing the calcium density at the surface of the core. Since 
the core of these nanoparticles is so small this corresponds to a large proportion of the 
calcium ions. A slight increase in the calcium density adjacent to the surfactants could 
force the calcium ions closer together thus reducing the separation at which the first 
calcium-calcium coordination peak occurs. The monomeric surfactants, which have 
shown to be more evenly disposed about the core interface, do not induce the 
accumulation of calcium ions at the surface of the core to the same extent. Hence the 
calcium-calcium interactions are comparatively relaxed and the first peak in gcacJj) 
moves to a slightly greater separation.
Figure 5.10 shows the pair distribution function between calcium and the carbonate 
oxygens, g ca o (r). All systems show very similar calcium oxygen structure, with a very 
sharp peak at 2.35 A indicating a highly coordinated first interaction shell. A second 
much broader peak is observed at ca. 4.1 A corresponding to the remaining oxygens of 
the carbonate anions attached to the closely coordinated oxygen (causing the sharp peak 
at 2.35 A).
The pair distribution function for the calcium carbonate carbon interactions, gcacM, is 
shown in Figure 5.11. The coordination between calcium and carbonate carbon is fairly 
similar for each of the systems studied. A sharp peak is observed at ca. 2.82 A and a 
broader peak at ca. 3.3 A. The origin of the second peak is unclear. It could be that the 
amorphous core is composed of pairs of Ca2+ and (CO3)2' ions. These ‘ion pairs’ would 
account for the sharp first coordination peak, while the second broader peak 
corresponds to interactions between the Ca2+ of one ion pair and the carbonate carbon of 
a second pair of ions. Alternatively, the second coordination peak may correspond to 
carbonate ions located at the surface of the mineral core, while the first coordination 
peak corresponds to carbonates at the centre of the core.
The calcium-surfactant oxygen pair distribution function (gcao(r) shown in Figure 5.12) 
exhibits first coordination peaks at separations of 2.55, 2.70, 2.75 and 2.65 for the 
phenate sulphonate, salicylate and calixarate simulations, respectively. This is in 
keeping with the observations made for the calcium-calcium pair distribution function. 
The monomeric surfactants show a slight increase in the first peak separations, perhaps
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confirming the hypothesis that the multidentate surfactants focus their oxygen atoms 
and increase the local negative charge. The first coordination peak observed for the 
phenate particle is much sharper than that of the sulphonate, salicylate and, particularly, 
the calixarate particles and is likely to be a consequence of greater coordination between 
the surfactant oxygens of the phenate and the core calciums. This is possibly due to the 
wide spacing of the oxygens on the phenate relative to the other surfactant types, which 
would enable the oxygens to protrude into the surface of the core to a greater extent. 
The oxygens of the sulphonate and salicylate are held very closely to each other by their 
structure, which does not allow the oxygens to ‘bury’ themselves into the core as 
effectively as the phenate. Ab initio quantum mechanical calculations on p-methyl 
calix[4]arene (Chapter 3, Section 3.4.3) show that the oxygens and hydroxy groups, at 
various levels of deprotonation, tend to form a polar cavity consisting of highly charged 
negative oxygen atoms and extensively hydrogen bonded hydroxy groups. This 
possibly explains the small first coordination peak in the calcium-surfactant oxygen pair 
distribution function. For the calix[6]arate, the oxygen atoms are forced together by the 
structure of the calixarene and hydrogen bonding with the protonated hydroxy groups. 
This does not allow the surfactant oxygens to probe the core material, but rather form a 
negatively charged hydrophobic cavity that binds to the surface of the core. 
Consequently, the first co-ordination peak of the calcium-surfactant oxygen pair 
distribution function is an indication of the level of core penetration that the surfactant 
molecules are able to achieve. This order is: phenate > sulphonate » salicylate »  
calixarate.
Figure 5.13 shows the calcium sulphur pair distribution function for the phenate and 
sulphonate systems. The phenate plot shows three fairly well defined peaks at ca. 3.5, 
4.5 and 5.5 A. The first coordination shell peak probably corresponds to the calcium 
directly below the surfactant at the core interface. The peaks at higher separations may 
be due to ordering of the surface calciums common to all of the surfactants in the 
simulation. It may also illustrate the increased local calcium density that has been 
suggested with the phenate compared to the sulphonate. The first coordination peak of 
the sulphonate system is fairly sharp, corresponding to a consistent calcium sulphur 
separation. A further broad peak is observed at ca.7.5-8.0 A, which is possibly due to 
the sulphur of neighbouring surfactants. If so, this would suggest that the sulphonate 
surfactants are evenly spaced at the core interface at intervals in this length range.
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Figure 5.9: The calcium-calcium pair distribution function for the phenate, sulphonate, salicylate and 
calixarate overbased detergent systems. Results are from simulations utilising attractive alkyl tail groups.
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Figure 5.10: The calcium-oxygen (carbonate) pair distribution function for the phenate, sulphonate,
salicylate and calixarate overbased detergent systems. Results are from simulations utilising attractive
alkyl tail groups.
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Figure 5.11: The calcium-carbon (carbonate) pair distribution function for the phenate, sulphonate, 
salicylate and calixarate overbased detergent systems. Results are from simulations utilising attractive 
alkyl tail groups.
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Figure 5.12: The calcium-oxygen (surfactant) pair distribution function for the phenate, sulphonate,
salicylate and calixarate overbased detergent systems. Results are from simulations utilising attractive
alkyl tail groups.
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The calcium-hydrogen pair distribution function for the salicylate and calixarate 
molecules is illustrated in Figure 5.14. The Salicylate and Calixarate systems show a 
first coordination shell peak at ca. 3.5 A. This separation is consistent with Ca2+ bound 
to a hydroxy group with the oxygen between the calcium and hydrogen. The salicylate 
gcadf)  show a second much, broader peak, coordination shell peak at ca. 6.5 A. This 
peak possibly corresponds to the average distance from a calcium bound between the 
carboxy oxygens and the hydroxy proton on the same salicylate molecule. The 
calixarate also shows further coordination shell peaks. There is a very broad peak at 
ca. 4.8 A and a sharper peak at ca. 6.9 A. It is likely that these peaks correspond to the 
separation between calcium and hydroxy protons of the same calixarate molecules.
Figure 5.15 shows the carbonate oxygen-carbonate oxygen pair distribution function for 
all the systems under study. All plots show roughly the same features, with first 
coordination shell peaks at ca. 3.0 A, with very little well coordinated structure beyond 
this separation. The first peak in g o o (r )  appears to show diminishing coordination 
between carbonate oxygens in the order phenate, sulphonate, salicylate and calixarate. 
This behaviour is possibly a consequence of the level of penetration of the surfactant 
oxygens into the core, or the level to which these oxygens impose better defined 
coordination on the mineral core. It was suggested that the phenate oxygens penetrate 
the mineral core to a greater extent than the other surfactant molecules (see above). By 
doing so, the well-defined positions of the phenate oxygen may promote a greater level 
of coordination in the core. The sulphonate molecule, although it does not posses 
oxygen atoms that probe the core to any great depth, possibly has a similar effect by 
virtue of the regular trigonal arrangement of its oxygen atoms. The salicylate molecule, 
which also adheres to the surface in a similar manner to the sulphonate, is able to move 
more freely. Consequently, the oxygen environment of the salicylate system is not as 
well ordered as that of the phenate and calixarate particles and does not promote the 
same level of coordination in the core material. The calixarate, which possibly has the 
lowest level of core penetration and the most unevenly distributed oxygens, imposes the 
least order on the core and consequently g o o (r )  for the calixarate system shows the most 
broad first coordination shell peak of the systems under study.
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Figure 5.13: The calcium-sulphur (surfactant) pair distribution function for the phenate and sulphonate 
overbased detergent systems. Results are from simulations utilising attractive alkyl tail groups.
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Figure 5.14: The calcium-hydrogen (surfactant) pair distribution function for the salicylate and calixarate
overbased detergent systems. Results are from simulations utilising attractive alkyl tail groups.
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Figure 5.15: The oxygen-oxygen (carbonate-carbonate) pair distribution function for the phenate, 
sulphonate, salicylate and calixarate overbased detergent systems. Results are from simulations utilising 
attractive alkyl tail groups.
5.2.8: Centre of Mass Density Distributions.
A good measure of the distribution of different atomic species around the overbased 
detergent particles may be found by defining a species resolved density distribution 
from the centre of mass,
p(r) = n(r)/4xNr2dr (5.1)
where n(r) is the number of the atomic species under study to be found at a distance r 
from the centre of mass of the core of overbased detergent particle. The total number of 
the atomic species being studied is N. Peak height then corresponds to the relative 
probability of finding a particular atom at a distance r from the centre of mass.
Figures 5.16 to 5.19 show the species resolved density distributions for Ca2+, carbonate 
oxygen and carbonate carbon for the phenate, sulphonate, salicylate and calixarate 
systems respectively. There was no appreciable difference between results taken from 
simulations utilising an attractive alkyl tail group or a repulsive alkyl tail group. 
Consequently, all results are shown for simulations using attractive alkyl tail groups. 
The strongly bound amorphous nature of the core is reflected by the density 
distributions, which exhibit unevenly spaced yet fairly well defined peaks for all the 
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core species. The sulphonate, salicylate and calixarate systems show calcium ions that 
extend further from the centre of mass of the micelle, while the phenate nanoparticle 
exhibits calcium ions that do not extend beyond the carbonate ions. This is possibly a 
consequence of the greater penetration of the phenate oxygens into the surface of the 
mineral core compared to the oxygens on the other surfactants. This brings the phenate 
oxygen atoms into the same region as the surface carbonates, whereas the sulphonate, 
salicylate and calixarate oxygens are generally situated beyond the range of the 
carbonate ions. Consequently, the calcium ions must reside beyond the the carbonate 
ions for the sulphonate, salicylate and calixarate systems to prevent the build up of an 
excess surface charge. This implies a fundamental difference in the nature of the 
phenate system to all other systems under study. The phenate could be thought of as 
possessing surfactants that are more intimately bound to the surface of the mineral core, 
while the sulphonate, salicylate and calixarate systems are comprised of the calcium salt 
of the surfactant which reside slightly beyond the extent of the CaCC>3 core.
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Figure 5.16: Species-resolved density distributions from the centre of mass of a phenate micelle. Data 
was gathered from the phenate simulation using attractive alkyl tail groups. Results are shown for 
calcium, oxygen and carbon found in the mineral (carbonate) core.
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Figure 5.17: Species-resolved density distributions from the centre of mass of a sulphonate micelle. Data 
was gathered from the sulphonate simulation using attractive alkyl tail groups. Results are shown for 
calcium, oxygen and carbon found in the mineral (carbonate) core.
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Figure 5.18: Species-resolved density distributions from the centre of mass of a salicylate micelle. Data 
was gathered from the salicylate simulation using attractive alkyl tail groups. Results are shown for 
calcium, oxygen and carbon found in the mineral (carbonate) core.
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Figure 5.19: Species-resolved density distributions from the centre of mass of a calixarate micelle. Data 
was gathered from the calixarate simulation using attractive alkyl tail groups. Results are shown for 
calcium, oxygen and carbon found in the mineral (carbonate) core.
Figures 5.20 and 5.21 show the density distribution of the surfactant oxygen and 
sulphurs for the phenate and sulphonate systems respectively. Data is shown for 
simulations that used exclusively attractive or repulsive alkyl tail groups for both the 
phenate and sulphonate systems. In both cases, as expected, the surfactant oxygen 
atoms reside closer to the centre of mass of the micellar core compared to the sulphur 
atoms. Considering the phenate system, the oxygen density distribution seems to 
suggest that the use of repulsive or attractive alkyl tail group does not greatly effect the 
position of the surfactant oxygens. The majority of the oxygens in both simulations 
appear to reside at the same position for both micelles. A slight shift toward the centre 
of mass is observed for the simulation utilising attractive tail groups, however this may 
be accounted for by a single surfactant being shifted toward a shorter core axis 
compared to the repulsive tail group simulations. What is clear however, by 
comparison to the calcium carbonate density distribution illustrated in Figure 5.16, is 
that there is a great deal of overlap between the core material and the surfactant 
oxygens. The calcium ions extend to a distance of ca. 6.8 A, while the surfactant 
oxygens only extend to a distance of ca. 13  A (in the same attractive tail group 
simulation). This is consistent with the notion that the phenate oxygens effectively
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penetrate the core material. The sulphur atom density distribution parallels the oxygen 
atom behaviour, but at a greater distance from the core, consistent with surfactants that 
extend radially from the core.
Turning to the sulphonate density distributions, a good deal of overlap is observed 
between the surfactant oxygen atoms and the calcium ions of the same simulation (see 
Figure 5.17). This may be interpreted as good penetration of the core material by the 
surfactant oxygens, however it is more likely that this demonstrates the deviation of the 
core shape from spherical. Since the surfactants are distributed more evenly over the 
surface of the core compared to the phenate system, a greater proportion of the 
surfactants will reside on the area of the core directly above any short axis that is 
created by deviation in the core shape from spherical. A more telling indication of the 
level of core penetration may be found by considering the maximum distance at which 
the surfactant oxygen atoms and calcium ions are to be found. These values are ca. 10.5 
and 7.0 A  respectively. This shows that surfactant oxygen atoms reside as much as 3.5 
A  from the most extreme oxygen, compared to a distance of 0.5 A  for the phenate 
system. Figure 5.21 does seem to suggest that there is a consistently greater number of 
surfactant oxygen atoms closer to the centre of mass of the core for the simulations 
utilising repulsive tail groups compared to attractive tail groups. The origin of this shift 
in the position of the oxygen atoms is possibly a consequence of the distribution of the 
surfactant molecules at the interface. The system configuration pictures (see Figure 5.4) 
suggest that the simulation using attractive tails resulted in sulphonate molecules that 
‘clump’ into regions of the core surface. This will in turn increase the local negative 
charge at these regions, promoting the migration of calcium ions to these points and 
artificially increasing the distance from the centre of mass to core surface in these areas. 
The simulation that used repulsive tails demonstrated a much more even distribution 
sulphonates over the surface, relieving any local build up of negative charge and 
preserving a micelle that is closer to spherical. Consequently, the distance from the 
surface at which the surfactants are bound will be shorter and the density distribution of 
oxygen atoms shifted toward the centre of mass when compared to the attractive tail 
group simulation.
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Figure 5.20: Species-resolved density distributions from the centre of mass of the phenate micelles for 
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for oxygen 
and sulphur found in the sulphurised alkyl phenol surfactant.
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Figure 5.21: Species-resolved density distributions from the centre of mass of the sulphonate micelles for
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for oxygen
and sulphur found in the alkyl benzene sulphonate surfactant.
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Figure 5.22 and 5.23 show the density distribution functions for oxygen and hydroxyl 
hydrogen for the salicylate and calixarate systems respectively. Results for simulations 
incorporating repulsive or attractive alkyl tail groups are included for both systems. 
Considering the salicylate simulations, the oxygen positions were consistently closer to 
the centre of mass of the core than the hydrogen atoms. This possibly reflects the 
manner in which the surfactants are bound to the surface of the mineral core. Recalling 
Figure 5.5, the carboxylic acid groups coordinate closely with the surface of the core, 
while the hydroxy groups, and consequently the hydroxy proton, are held somewhat 
further from the surface. Furthermore, any coordination between the hydroxy group and 
the mineral core is likely to be via interactions between the hydroxy oxygen atom and 
the surface calcium ions. Consequently, the protons will preferentially orientate 
themselves away from the surface thus increasing their average distance from the centre 
of mass of the core. The oxygen atom density distribution for the salicylate system 
modelled using attractive tails appears to show two separation values at which most of 
the atoms reside compared to a single broad peak for the simulations using repulsive tail 
groups. This is possibly due to the orientation of the salicylate molecules to the surface 
imposed by the attractive tail groups. Figure 5.5 shows that the surfactants tend to Tie’ 
on the surface of the core, while being bound to the micelle by the carboxy group. As 
has already been suggested, this tends to force the hydroxy group further from the 
centre of mass of the core, possibly causing two main peaks in the oxygen atom density 
distribution. The repulsive tail groups, however, force the salicylate molecules to stand 
proud of the surface, forcing the hydroxy groups closer to the mineral core surface. 
This in turn brings the hydroxy oxygen atoms separation from the centre of mass closer 
to that observed for the carboxy group, resulting in a single broad peak in the density 
distribution. This image of the salicylate molecules at the core interface is supported by 
the hydrogen density distribution, which shows hydrogen atoms extending to a greater 
extent from the core surface for the attractive tail simulation when compared to the 
repulsive tail simulation. As observed for the phenate and sulphonate systems, there is a 
great deal of overlap between the distance of the calcium ions from the centre of mass 
of the core and the position of the salicylate oxygen atoms. It is likely that this overlap 
is due to an unsymmetrical mineral core, which would cause the surfactants to appear at 
a range of centre of mass separations, with surfactants on any ‘short axes’ that occur 
overlapping with calcium ions on ‘longer axes’. The hypothesis that the salicylates do 
not penetrate the core material to any great depth is somewhat supported by the 
difference in the maximum centre of mass separations of the calcium ions and surfactant
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oxygen atoms. The difference, in the case of the attractive tail groups, is ca. 2.5 A . 
Although this may be, in part, due to the hydroxy oxygen atoms residing at a greater 
distance from the centre of mass of the core, as described above.
Turning to the calixarate system, the surfactant oxygen atoms are generally closer to the 
centre of mass of the mineral core than the hydrogen atoms on the protonated phenolic 
units comprising the calix[6]arate. However, the overlap between the hydrogen density 
distribution and the oxygen atom density distribution is much more marked than that 
observed for the salicylate system. This is perhaps a consequence of the protonated and 
deprotonated hydroxy groups forming a hydrophobic cavity, with extensive hydrogen 
bonding. Consequently, the hydrogen atoms are held in place to a certain extent, and 
are unable to be displaced further from the mineral core surface, but reside at centre of 
mass separations close to that observed for the oxygen atoms. The overlap between the 
extent of the calcium ions and the oxygen atoms of the calixarate is once again quite 
great. This cannot be explained by good penetration of the mineral core by the 
surfactant oxygen atoms since it would appear that the calixarate molecules tend to 
reside on the surface of the core. A possible explanation could be that the hydrophobic 
cavity the calixarate forms is able to coordinate calcium ions. This would lead to a 
situation where a proportion of the core is located in the cavity and hence at a similar 
centre of mass displacement to the calixarate oxygen atoms. This is plausible given the 
ability of calixarene molecules to host a range of ions and molecules.
Figures 5.24 to 5.26 show the density distribution of the benzyl and alkyl atoms for the 
phenate, sulphonate, salicylate and calixarate systems respectively. Results are 
presented for simulations with attractive or repulsive alkyl tail groups. All systems 
show approximately the same density distribution behaviour for these atomic species. 
The benzyl carbons inhabit a well-defined distance range from the centre of mass of the 
mineral core, while the alkyl carbons show a much broader distribution that is shifted to 
a greater distance. This is consistent with the rigid structure of the benzene ring found 
in all the surfactants, being held consistently at a distance from the centre of mass of the 
core by the oxygen atoms of the respective surfactants. The alkyl carbons, however, are 
less constrained and are able to move to a greater extent than the benzyl carbons. 
Consequently, thermal energy will cause them to move, broadening the density 
distribution, while the surfactant headgroup shifts the distribution to greater separations.
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Figure 5.22: Species-resolved density distributions from the centre of mass of the salicylate micelles for 
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for oxygen 
and hydrogen found in the alkyl salicylate surfactant.
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Figure 5.23: Species-resolved density distributions from the centre of mass of the calixarate micelles for
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for oxygen
and hydrogen found in the calixarate surfactant.
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The density distributions of the benzyl and alkyl carbons from the centre of mass of the 
core are illustrated in Figure 5.24 for both the phenate simulations including attractive 
and repulsive tail groups. The simulation which employed attractive tail groups, gives 
density distributions for both the benzyl and alkyl carbons that are very similar to the 
corresponding distributions for the repulsive tail simulations. Tobias and Klein 
observed that the vacuum simulation of a sulphonate reverse micelle exhibited alkyl tail 
groups that were confined to a very narrow separation range from the centre of mass, 
while the solvated simulations showed a much broader distribution of alkyl tail groups 
[1]. The phenate simulation presented here does not show a narrow distribution range 
for the attractive alkyl tails, which would appear to be at odds with the sulphonate 
simulation of Tobias and Klein. The difference in the tail behaviour could possibly be 
due to a combination of the bulky branched nature of the surfactant tails and the 
arrangement of the surfactant molecules around the core in the phenate system. The 
bulky, highly branched, alkyl tail groups are not able to deform as readily as the straight 
chain alkyl tail groups of the sulphonate simulation. Consequently, they are unable to 
effectively wrap around the core of the micelle in the same manner as the straight chain 
tail groups and consequently extend further from the surface of the core. Furthermore, 
the equatorial distribution of the surfactants around the micelle forces the phenate 
molecules into close contact. This also prevents the surfactants from wrapping around 
the core and hence a broad alkyl carbon distribution is observed. The repulsive tail 
simulation results in a slight increase in the maximum distance to which the alkyl tail 
atoms extend, primarily because the attractive tail groups are almost fully extended for 
the aforementioned reason.
The density distributions of the benzyl and alkyl carbon atoms from the centre of mass 
of the core behave in a similar way for sulphonate simulation presented here (see Figure 
5.25). Again the repulsive tail groups only extend to a marginally greater extent than 
the attractive tail groups. This is possibly due to the sulphonate group acting to hold the 
surfactant with the tail away from the surface of the core. This causes the attractive tails 
to interact with each other, rather than the core material, and hence remain well 
extended over a broad distribution from the centre of the micelle.
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Figure 5.24: Species-resolved density distributions from the centre of mass of the phenate micelles for 
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for alkyl and 
benzyl surfactant carbons.
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Figure 5.25: Species-resolved density distributions from the centre of mass of the sulphonate micelles for
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for alkyl and
benzyl surfactant carbons.
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Figure 5.26: Species-resolved density distributions from the centre of mass o f the salicylate micelles for 
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for alkyl and 
benzyl surfactant carbons.
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Figure 5.27: Species-resolved density distributions from the centre of mass o f the calixarate micelles for
simulations incorporating attractive (a) and repulsive (r) alkyl tail groups. Results are shown for alkyl and
benzyl surfactant carbons.
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Figure 5.26 shows density distribution, from the centre of mass, of the alkyl and benzyl 
carbons for the salicylate simulations. The simulation that used attractive tail groups 
showed similar results as for the repulsive tail simulation. However there is a larger 
discrepancy between the attractive tail and repulsive tail distributions compared to the 
other systems under study. This is possibly due to the ability of the salicylate molecules 
to lay more effectively against the core surface (see Figure 5.5). Hence the attractive 
tail groups are able to coordinate with the core surface atoms more effectively and 
hence wrap themselves around the core. The repulsive tail groups do not exhibit this 
behaviour, but prefer to extend from the core, thus broadening the density distribution 
of the alkyl carbon atoms while shifting it to a greater separation from the centre of 
mass of the core.
The benzyl and alkyl carbon density distributions from the centre of mass of the core for 
the calixarate simulations are shown in Figure 5.27. These simulations show the closest 
similarity between attractive alkyl tails and repulsive alkyl tails, which have density 
distributions from the centre of mass of the core which overlap quite extensively. This 
is possibly due to the macrocyclic structure of the calixarate molecules maintaining the 
alkyl tail groups in approximately the same positions regardless of whether the tail 
groups are attractive or repulsive. Consequently, the attractive tail groups are unable to 
wrap around the core, while the repulsive tail groups cannot force the phenolic units of 
the calixarate into a uniform distribution over the core surface. The highly branched 
nature of the propylene tetrameric tail also prevents the attractive and repulsive alkyl 
carbons from adopting radically different conformations. These factors make the alkyl 
and benzyl carbon distributions insensitive to whether the alkyl tail groups are attractive 
or repulsive.
The species resolved density distributions of the separation between atoms and the 
centre of mass of the core for the phenate, sulphonate, salicylate and calixarate systems 
have shown the species ditributions are subtly related to the structure of the surfactant 
and whether the alkyl tail groups are attractive or repulsive. The overall features of the 
overbased detergent particles correspond well with the accepted structure of these 
nanoparticles. A surface layer of amphiphilic molecules bound to the core by ionic 
headgroups surrounds an amorphous core comprising of calcium carbonate. The 
density distributions of the surfactant headgroup atoms suggest the surfactants do not
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move appreciably or dissociate from the micelle over the timescale under study (ca. 1 
ns).
The oxygens of the phenate molecules gave density distributions that suggest that this 
class of surfactant possesses the greatest ability to penetrate the core material compared 
with the other surfactants under study, while the calixarate density distributions suggest 
this surfactant penetrates the core the least. The tail density distributions suggest that 
the positions of the alkyl tail groups are somewhat dependent on the structure of the 
surfactant and whether the tail groups are repulsive or attractive. However, comparing 
the tail group distributions for attractive alkyl carbons to a previous study [1], suggests 
the highly branched propylene tetrameric tail groups do not wrap around the core 
surface as much as a straight chain tail group in vacuum simulations.
5.2.9: Dipole Moments of the Overbased Detergent Particles.
The dipole moments of all the overbased detergent particles simulated were calculated,
A = X z<r/ (5.2)
i= l
where zt and r* are the point charge and position vector of the ith particle and the sum is 
over N, the total number of charge bearing atoms in the micelle. The dipole moment is 
typically expressed in units of Debye, D, where LD=3.336xlO'30C m.
Figure 5.28 shows the time dependence of the time-accumulated total dipole moment 
for the phenate, sulphonate, salicylate and calixarate systems modelled using attractive 
alkyl tail groups. After initial fluctuations, the / /  averages to values of ca. 9.5, 9.3, 11.2 
and 33.9 D for the phenate, sulphonate, salicylate and calixarate systems respectively. 
The dipole moment does not change appreciably with time, reflecting the strongly 
bound structure of the particles due to extensive coulombic interactions. The greatly 
increased dipole moment of the calixarate system is probably a consequence of the 
attractive tail groups distorting the position of the calixarate molecules to give a highly 
anisotropic charge distribution. As the surfactant molecules are ‘pulled’ around the core 
by the attractive tail groups on each molecule interacting, an excess charge is built up on 
one side of the overbased calixarate particle. In general the dipole moments are high, 
reflecting large spatial variations in the local charge induced by the amorphous core 
structure. The magnitude of the dipole moment is perhaps not surprising since an 
excess of charge of only 0.17 e is required to give a dipole moment of 10.0 D  for a core
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diameter of 12.0 A (the typical dipole moment and core size of the overbased detergent 
particles being simulated).
Figure 5.29 shows the time dependence of the time-accumulated dipole moment for the 
phenate, sulphonate, salicylate and calixarate systems for simulations using a purely 
repulsive potential on the alkyl tail units. Most apparent is the dramatic decrease in the 
dipole moment of the calixarate particle, which now exhibits the lowest average dipole 
moment of the systems under study of ca. 8.1 D. This dramatic decrease in the dipole 
moment is probably a consequence of greater symmetry in the position of the calixarate 
molecules at either end of the core compared to the attractive tail simulations. The 
distribution of charge is no longer biased to one of the reverse micelle side by the 
position of the calixarate molecules. The other systems show less dramatic variations in 
the dipole moment when repulsive tail groups replace the attractive alkyl tails. The 
overbased detergent particles modelled using repulsive tail groups have dipole moments 
of 13.2, 8.4 and 10.6 D for the phenate, sulphonate and salicylate systems respectively. 
When considering the very small changes in the spatial charge distribution required to 
alter the dipole moment by values of ca. 1 - 2  D for particles of this size, it is difficult to 
comment on the effect of the different alkyl tail groups (attractive or repulsive) on the 
dipole moment. However, a decrease in the dipole moment should indicate an increase 
in the symmetry of the particle. Considering the systems that show changes in the 
dipole moment of this order, the phenate system shows an increase in the dipole 
moment while the sulphonate and salicylate systems show a decrease. The increased 
phenate dipole moment, and hence its decreased symmetry, is possibly a consequence of 
the phenate molecules packing less favourably about the equator of the mineral core due 
to the repulsive tail groups. This possibly forces the surfactant molecules to adopt a less 
symmetrical arrangement, which in turn causes greater spatial variation in the charge 
and an increase in the dipole moment. The sulphonate and salicylate systems appear 
more symmetrical from pictures of the final system configurations when modelled using 
repulsive tail groups (see Figures 5.4 and 5.6), which may account for the decreased 
dipole moment relative to the attractive tail simulations.
Miller et al. [12] measured the electrophoretic mobilities for overbased sulphonate 
systems in various organic media by phase-analysis light scattering. They concluded 
that these particles are charged by virtue of dissociation of the surfactant molecules 
from the overbased detergent particles. The results of the simulations presented here do
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not support the hypothesis of equilibrium between the surfactants at the core interface 
and in solution, although the timescale for this process may be inaccessible to the 
simulator. Rather, the surfactants are strongly bound to the core surface and the 
structure of the core does not change appreciably with time, inducing a constant and 
high dipole moment. Supporting evidence for a large dipole moment on these particles 
can be found by dielectric spectroscopy [3,13]. The application of this technique to 
overbased phenate particles, as experimentally characterised and modelled using 
Molecular Dynamics in references [2-4], suggests that the particles are highly 
aggregated in hydrophobic solvents, which can be accounted for by a large dipole 
moment on the particles.
5.2.10: Asphericity Order Parameter and Principle Moments of Inertia.
One feature that could be used to distinguish the overbased particles is their shape, and 
in particular their deviation from spherical. Rudnick and Gaspari define an asphericity 
order parameter, A 3 , [14,15], which quantifies their distortion,
where <...>  denotes an ensemble average and A,are the three principle moments of
where N  is the number of atoms in the micelle, a  and //are  x, y  or z and m, is the mass 
of the ith atom. The a  component of the position vector of particle i is rj*, and r°om is
the ar component of the centre of mass of the micelle. ^ 3 = 0  for a perfect sphere, 1/4 for 
a uniform, infinitely thin, circular disk and 1.0 for an infinitely thin rod.
(5.3)
inertia of the atoms in the micelle. The principle moments of inertia are obtained by 
diagonalisation of the inertia tensor, T,
(5.4)
1=1
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Figure 5.28: Time dependence of the time-accumulated total dipole moment for the phenate, sulphonate, 
salicylate and calixarate simulations using attractive alkyl tail groups.
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Figure 5.29: Time dependence of the time-accumulated total dipole moment for the phenate, sulphonate,
salicylate and calixarate simulations using purely repulsive alkyl tail groups.
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Figure 5.30 shows the time dependence of the time accumulated asphericity order 
parameter for the phenate, sulphonate, salicylate and calixarate particles modelled using 
attractive tail groups. After initial fluctuations, A 3  settled to fairly constant values for all 
the systems under study, suggesting that the shapes of the micelles are constant over the 
timescale of the simulation. The generally low values indicate that the sphere is a good 
reference shape for these particles. The average asphericity parameters after the 500 ps 
simulation were calculated to be 0.089, 0.014, 0.077 and 0.117 for the phenate, 
sulphonate, salicylate and calixarate systems respectively. This would suggest that the 
sulphonate micelle is the most spherical of the particles under study, which is consistent 
with the final system configurations shown in Figures 5.1, 5.2, 5.4, 5.6, 5.7 and 5.8. 
The salicylate and phenate structures show similar deviation from spherical. The 
phenate particle clearly shows a more disk-like structure due to two similar structural 
axes and a further shorter axis, which increases the asphericity order parameter. This 
may be thought of as the particle approaching the value for an infinitely thin circular 
disk of yf 3=0.25. The origin of the value for the salicylate is less obvious, but is perhaps 
due to the surfactant molecules wrapping around the mineral core, thus reducing the 
symmetry of the particle. The calixarate particle shows an even higher value for A 3 , 
which is probably a consequence of the tube-like structure that it forms and may be 
thought of as the structure approximating to a rod to a greater extent than the other 
systems under study.
Figure 5.31 shows the results of the calculated asphericity order parameter when applied 
to the micellar systems modelled using purely repulsive alkyl tail groups. These plots 
show the same insensitivity of the overall micellar shape to time as observed for 
simulations which employed attractive tail groups. The long time average values of the 
asphericity order parameters are 0.066, 0.029, 0.017 and 0.132 for the phenate, 
sulphonate, salicylate and calixarate systems respectively. The phenate and sulphonate 
particles show small changes in the asphericity order parameter, the phenate particle 
modelled using a repulsive tail potential showing a small decrease as the tail groups 
splay out to a greater extent and the particle approaches a more spherical shape. The 
sulphonate particle shows a small increase in the asphericity order parameter contrary to 
the structures observed for the final system configurations, which appear to show a 
more spherical particle for the repulsive tail simulation. The small change is possibly 
due to small structural differences between the cores of the two simulations or the alkyl 
chains being more stretched out in the repulsive tail case. The salicylate system exhibits
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a large decrease in the asphericity order parameter compared to the simulation using 
attractive tail groups. This is probably a result of the repulsive tail units forming a more 
spherical structure as they extend radially from the surface of the mineral core. The 
calixarate simulation resulted in a slight increase in A 3  as the structure becomes more 
elongated and tube-like compared to the simulation using attractive tail groups, which 
was found to localise the alkyl carbons to one side of the particle.
The asphericity order parameter for each system was calculated by diagonalisation of 
the inertia tensor. This process gave three principle moments of inertia for each 
structure, which were averaged over the 500 ps simulations for all the systems studied. 
Table 5.2 shows the principle moments of inertia, A\, Ai and A3 , normalised by the 
minimum of these three values. The asphericity order parameter calculated from these 
values is also shown. It should be noted that the values of A 3  calculated from the 
average principle moments of inertia differ subtly from the asphericity order parameter 
calculated from the instantaneous moments of inertia and then averaged over time (the 
long time values observed in Figures 5.30 and 5.31), however they are comparable. The 
principle moments of inertia define the shape of the micelles in terms of a spheroid. 
Three equal values for the principle moments of inertia define a sphere, two equal 
values larger than the third an oblate spheroid and two equal values smaller than the 
third moment defines a prolate spheroid. The values shown in Table 5.2 may be applied 
to calculations that require an assessment of the shape of the nanoparticles for each 
system. For example, the calculation of the contact angle of these particles at the water- 
air interface described in Section 2.3.7 suggested that the contact angle is dependent 
upon the shape of the micelles. A large deviation in the contact angle was observed 
between systems. This was originally interpreted as differences in the hydrophobicity 
of the particles, however it is more likely that this behaviour reflects the difference in 
shape between each system. The equations formulated to calculate the contact angle 
from the Langmuir trough data rely on the assumption that the particles are spherical. 
The simulations presented here clearly show the particles are able to adopt different 
shapes. Reformulation of the equations used to calculate the contact angle while taking 
into account the deviation of each particle type from spherical symmetry should give a 
more correct measure of the hydrophobicity of these particles. A study of this type 
would require use of the values shown in Table 5.2.
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Figure 5.30: Time dependence of the time-accumulated asphericity order parameter for the phenate, 
sulphonate, salicylate and calixarate simulations using attractive alkyl tail groups. Values are calculated 
from the instantaneous values of the principle moments of inertia and then averaged over time.
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Figure 5.31: Time dependence of the time-accumulated asphericity order parameter for the phenate, 
sulphonate, salicylate and calixarate simulations using purely repulsive alkyl tail groups. Values are 
calculated from the instantaneous values of the principle moments o f inertia and then averaged over time.
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Simulation A\ / ^rniin Aq.1 hnin ^3 / ^min a 3
Phenate (attractive tails) 2.875 1.707 1.000 0.086
Phenate (repulsive tails) 2.618 2.030 1.000 0.063
Sulphonate (attractive tails) 1.180 1.045 1.000 0.004
Sulphonate (repulsive tails) 1.684 1.212 1.000 0.024
Salicylate (attractive tails) 2.287 1.162 1.000 0.074
Salicylate (repulsive tails) 1.422 1.358 1.000 0.011
Calixarate (attractive tails) 3.673 2.250 1.000 0.112
Calixarate (repulsive tails) 2.803 1.102 1.000 0.128
Table 5.2: The three principal moments of inertia, Au A2 and A3 normalised to the minimum of the three 
values (Amin=A2) for phenate, sulphonate, salicylate and calixarate simulations using both attractive and 
repulsive tails. The asphericity order parameter (A3) that accompanies these values is also shown.
5.2.11: Summary.
The Molecular Dynamics simulation of the model overbased detergents presented here 
allowed a detailed characterisation of the particles of each system type. The phenate 
simulations resulted in the formation of oblate spheroidal particles consistent with 
structures observed in a previous study of this class of overbased detergent [2,3]. This 
structure formed despite the use of a construction technique designed to deploy the 
surfactants around a mineral core without any artificial bias, supporting the observed 
equilibrium structure of these particles. It is likely that the rigid shape semi-planar of 
the phenate particles caused an interlocking of these surfactant molecules in an 
equatorial arrangement around the mineral core, increasing stabilisation of the phenate 
molecules by intersurfactant interactions. This behaviour is perhaps promoted by the 
‘dimeric’ nature of the surfactant, which automatically places surfactant tail groups in 
close proximity to each other. Simulation of the phenate system using repulsive alkyl 
tail groups was performed to mimic the effect of solvating the particle in a hydrophobic 
medium. The initial system configuration was taken from the attractive tail simulation, 
and did not show a drastic change in the final system configuration. Although the 
repulsive tail groups tended to ‘splay’ out from the micelle to a greater extent, it is 
likely that the strong coulombic interactions between the core and the surfactants 
maintain the position of the headgroup of phenate molecules between the two 
simulations.
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The sulphonate system was constructed using attractive alkyl tail groups and this 
resulted in a more spherical distribution of the surfactants around the core of the micelle 
when compared to the phenate system. The surfactants wrapped around the core of the 
micelle to a greater extent than the attractive tail phenate simulation, however the 
surfactants still extended from the surface of the core to a certain extent. This is likely 
to be a result of the trigonal arrangement of the oxygen atoms ‘anchoring’ the highly 
branched tail groups onto the surface. The surfactants clump together, in patches on the 
core surface. The repulsive tail simulation resulted in surfactants that protruded from 
the core to a greater extent. This also resulted in surfactant molecules that were more 
isolated and regularly distributed.
The salicylate system simulated using attractive tail groups resulted in a roughly 
spherical particle. There was extensive wrapping of the surfactants around the core of 
the micelle, which was shown to originate in some unique features in the chemical 
nature of the salicylic headgroup. The carboxyl oxygens were able to bind strongly to 
the mineral core surface. However, because the surfactant was bound by only two 
oxygens, which were situated meta to the surfactant tail groups, the salicylate molecule 
was free to lie flat over the core surface. Use of repulsive tail groups altered the 
arrangement of the surfactants at the core interface. Since the tail groups were 
destabilised by core-tail interactions, the surfactants protruded from the core surface to a 
much greater extent, eliminating any wrapping of the surfactants around the mineral 
core. This was perhaps a more accurate representation of the surfactant conformation in 
a hydrophobic medium.
The calixarate system spontaneously self-assembled into a very different shape from 
that observed for the previous systems. The calixarate molecules appeared to be located 
in and ‘end-capped’ arrangement around the core, forming a tube-like or prolate 
spheroidal structure. This is probably due to the limited number of ways that the 
macrocyclic molecules can be arranged around the core. The simulation using attractive 
tails showed some evidence of the calixarate molecules attempting to migrate around 
the mineral core due to attractive tail-tail interactions. This in turn exposed a greater 
amount of the mineral core on one side of the micelle. The repulsive tail groups 
resulted in a much more symmetrical arrangement of the surfactants at either ‘face’ of 
the mineral core, and more uniform core exposure.
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The pair distribution functions of the core material and the species resolved density 
distribution from the centre of mass of the mineral core highlighted subtle differences in 
the structure between each overbased detergent system. Although each system 
exhibited approximately the same structure, an amorphous mineral core surrounded by a 
stabilising surfactant shell, the behaviour of the surfactants at the core surface differed 
according to the chemical nature of the surfactants. The phenate molecule surfactant 
oxygens were most effective in penetrating the core of the micelle. This is possibly due 
to the single oxygens of the phenolic units of the surfactant being well spaced and 
causing minimal overall disruption. The sulphonate and salicylate molecules, however, 
appeared to bind to the surface of the core with very little core penetration. This is 
possibly because the oxygens on the surfactant headgroups are relatively close and 
hence coordinate with surface calcium ions as opposed to penetrating the core surface. 
The structure of the calixarate ion is such that it forms a ‘hydrophobic cavity’ 
comprising of a network of oxygen and hydrogen atoms. This structure then sits above 
the core surface, without extensive core penetration, while possibly ‘hosting’ a calcium 
ion.
The spatial distribution of the atomic charges was studied by calculating the dipole 
moment of the model overbased detergent particles. The dipole moments were 
generally in the range 7 - 1 3  2), however, the calixarate simulation using attractive alkyl 
tail atoms resulted in a much larger dipole moment of ca. 33.9 D. This is likely to be 
due to the highly asymmetric arrangement of the calixarate molecules around the 
mineral core, which focused an excess of charge on one ‘face’ of the particle. The non­
zero dipole moments were found to be due to a charge bias of as little as 0.17 e across a 
typical core diameter of ca. 12 A.
The asphericity order parameter, A 3 , was used to describe the shape of the micelles. The 
values observed for these calculations were consistent with near-spheroidal particles, 
while greater values were due to structures approaching that of a ‘disk’ or a ‘tube’. The 
principle moments of inertia were also calculated and normalised to give three values 
that may be used in future studies to describe the overall shape of the micelles.
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5.3: Stearic Acid Co-surfactant.
5.3.1: Introduction.
Co-surfactants are often used to alter the size and shape of micelles in a microemulsion 
system. This has also been exploited in the synthesis of overbased detergent particles to 
maximise the level of overbasing that may be achieved for a given surfactant type. 
Stearic acid has been used in this role to increase the TBN of commercial phenate, 
salicylate and calixarate detergents. This section investigates the effect of including 
stearic acid in the simulation of a single calixarate and phenate reverse micelle. 
Particular attention is paid to the calixarate system including stearic acid since this 
product proved unstable to the extraction process. Consequently it was not possible to 
ascertain the particle dimensions by the Langmuir trough experiments detailed in 
Chapter 2.
5.3.2: Calixarate System Details.
The calixarate/stearate simulation was based on the sample synthesised in Chapter 2. 
To construct the micelle for the simulation, the number of each of the components were 
calculated from the molar ratios of the starting materials, assuming only a single 
calixarene molecule was included in the overbased detergent particle and all starting 
materials are effectively incorporated into the micelle during synthesis. Further, it is 
believed that a proportion of the mono-ethylene glycol (MEG) and some water are 
included in the final product [16]. To assess the behaviour of water and MEG in the 
detergent particle a number of each were included in the simulation. The calixarate 
system details are shown in Table 5.3. The micelle was constructed using the same 
technique discussed for the model detergent systems detailed in Section 5.2.2.
5.3.3: Phenate System Details.
The numbers of the component species included in the phenate/stearate simulation were 
determined by a different method to the calixarate/stearate simulation. Once again the 
ratios of the different species were taken from the synthesis process. For a commercial 
phenate/stearate synthesis process this is 1.0/0.78/4.68 for the phenate:stearate:calcium 
hydroxide ratio. The absolute number of each component was then calculated from the 
size of the core and the molar volume of calcite,
where v core is the core volume and v caidte is the molar volume of calcite. The volume of 
the core was calculated from,
v»re= 4^ L /3 (5-6)
where the core diameter, Rcore, was determined by subtracting the stabilising shell 
thickness from the particle radius as determined by the Langmuir trough experiment 
performed on the commercial phenate detergent detailed in Chapter 2. The stabilising 
shell thickness was calculated as the composition weighted average of the shell 
thickness contributions from the phenate and stearate molecules, rphenate~ 0 .9 5  nm [3,4] 
and rstearateK2.5 nm [17] respectively. This gives an average shell thickness of 1.45 nm, 
a core radius of 0.915 nm and a total of 52 calcium carbonate molecules in the core. 
Table 5.4 shows the number of each of the components in the phenate/stearate 
simulation. No water or MEG molecules were included in this simulation, which was 
otherwise initialised as for the calixarate/stearate simulation.
Component Number of Species
Calix[6]arate 1
Stearate 24
p-Dodecyl phenolate 5
Calcium carbonate 92
Water 15
Mono-ethylene glycol 15
Table 5.3: The number of each of the component species included in the calixarate/stearate simulation, 
calculated from the starting materials for the synthesis described in Chapter 2.
Component Number of Species
Phenate 12
Stearate 10
Calcium carbonate 52
Table 5.4: The number of each of the component species included in the phenate/stearate simulation, 
calculated from the starting materials for the synthesis of a commercial phenate detergent sample.
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5.3.4: Results of Calixarate/Stearate Simulation.
Figure 5.32 shows the final system configurations for the calixarate/stearate simulations 
using attractive and repulsive alkyl tail groups. Considering the attractive tail 
simulation, three water molecules ‘dissociated’ from the surface of the mineral core and 
left the region of the micelle. The surfactants appear to be distributed evenly around the 
surface of the calcium carbonate core, with the stearate molecules wrapping themselves 
around the micelle in a manner similar to that observed for straight chain sulphonate 
molecules observed by Tobias and Klein [1]. This is clearly different behaviour to that 
observed in the simulations of model overbased micelles that did not include stearate as 
a co-surfactant, and is a feature of the long straight chains of the stearate alkyl tail 
groups. Figure 5.32 b) shows the final configuration of the calixarate/stearate 
simulation that used repulsive alkyl tail groups. Here the surfactant molecules are able 
to extend from the mineral core surface to a much greater extent, resulting in tail 
conformations and an overall micellar shape that is more akin to the solvated sulphonate 
simulations of Tobias and Klein [1]. This simulation resulted in the dissociation of 
three water molecules from the core surface, perhaps due to the repulsive tail groups of 
the surfactants destabilising the co-solvents to a greater extent.
Figure 5.33 shows the same final system configurations of the calixarate/stearate 
simulations as shown in Figure 5.32, with the position and distribution of the various 
surfactant and co-surfactant types included in the simulation resolved by convenient 
colour-coding. Both the simulation using attractive alkyl tail groups and the simulation 
using repulsive alkyl tail groups show a similar distribution of surfactants around the 
surface of the mineral core. There appears to be no pattern to the distribution, with the 
phenolate co-surfactant molecules fairly evenly distributed amongst the stearate 
molecules around the micelle. This figure highlights the much greater area over which 
the calixarate molecule covers the core compared to both the stearate and phenolate 
molecules.
Figures 5.32 and 5.33 suggest a roughly spherical reverse micelle with the different 
surfactant and co-surfactant molecules fairly evenly distributed around the core. The 
attractive alkyl tail groups give a compact micelle, while repulsive alkyl tail groups 
mimic the effect of a solvent quite well, and in the process increasing the effective 
diameter of the particle.
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a)
b)
Figure 5.32: The final system configurations of the mixed calixarate stearate simulation using a) 
attractive alkyl tailgroups and b) purely repulsive alkyl tail groups. Ca ions are shown using a space­
filling representation while all other molecules are shown using a stick representation.
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b)
Figure 5.33: The same final system configuration pictures as shown in Figure 5.32. Different surfactant 
types are highlighted. The stick representations in green, blue and red correspond to the calixarate, 
stearate and phenolate surfactants respectively. The calcium ions are the large spheres and the carbonate 
anions the small trigonal shapes.
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Figure 5.34 highlights the position and distribution of the co-solvent molecules. The 
water and MEG molecules are shown using a space-filling representation. The mono­
ethylene glycol appears to bind to the surface of the mineral core via the oxygen and 
hydrogen atoms, with the unified carbons distributed such that they point away from the 
core surface. This is presumably due to the greater coulombic charge found on the 
hydroxy portion of the MEG molecule. The water molecules appear to be preferentially 
orientated with the oxygen atom closest to the core, again this is possibly due to a 
greater coulombic charge. Both co-solvent types appear to be fairly evenly distributed 
around the micelle, in close proximity to the surface of the core. This would suggest 
that those co-solvents that remain associated with the micelle remain at the hydrophilic 
interface. Further, the presence of the MEG may act to ‘fill’ exposed portions of the 
mineral core left by the surfactants, thus helping to stabilise the micelle in a 
hydrophobic medium. Interestingly, a single MEG molecule (indicated using a blue 
space-filling representation) appears to be well coordinated within the cage of the 
calix[6]arate (indicated using a green stick representation) in both the simulation using 
attractive alkyl tail groups and the simulation using repulsive alkyl tail groups. This is 
probably a consequence of the calixarates ability to host organic molecules [18], and 
may point toward the role of the calixarate in the synthesis of overbased detergent 
systems. It would seem unlikely that the calixarate molecule is key to the stability of 
the reverse micellar product, since the stearate and phenolate co-solvents cover the 
majority of the surface of the core. The importance of the calixarate in the manufacture 
of this class of overbased detergent is possibly that of an initiator to the formation of 
reverse micelles. The calixarate is clearly able to coordinate both the co-solvents and 
inorganic core material, thus stabilising a small amount of core material that may then 
grow as the reaction proceeds. The facility of the calixarate in this role is perhaps due 
to the multidentate nature of the calixarate surfactant, which will naturally stabilise the 
hydrophilic cavity formed by the calixarate molecule. The stearate and phenolate, 
however, may prove inadequate in stabilising a sufficient amount of material for the 
synthesis to proceed and only become an effective stabilising agent as the mineral core 
swells. The instability of the calixarate/stearate overbased detergent particles to 
extraction from the base oil (Section 2.2.8) possibly points to the stearate and phenolate 
as relatively unstable surfactants in the dispersion of calcium carbonate in organic 
media. This is particularly evident when compared with phenate and sulphonate 
overbased systems, which appear to be stable to the extraction process.
244
a)
b)
Figure 5.34: Final system configuration snapshot showing the relative positions of the co-solvents. 
Water and mono-ethylene glycol molecules are indicated by a space filling representation. The calcium 
ions are omitted from this figure to help clarify co-solvent distributions. The blue spacefilled molecule 
shows mono-ethylene glycol captured in the calixarate (shown in green) cavity.
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The configuration of the core, including the co-solvent distribution, for the attractive tail 
simulation and repulsive tail simulation are shown in Figures 5.35 a) and b) 
respectively. The mineral cores that result from these simulations are considerably 
larger than those observed for the model overbased detergent systems, but still appear to 
be amorphous. In both the attractive tail and repulsive tail simulations the core shapes 
are very similar, roughly spheroidal but uneven. These figures highlight the distribution 
of the co-solvents at the core interface, which, in both simulations, results in a fairly 
even but sparse covering of water and MEG.
The structures of the mineral cores for these calixarate/stearate simulations are studied 
more closely in Figures 5 .36-5 .41, which compare the pair distribution function of the 
calcium, carbon and oxygen with those observed for the calcite and aragonite simulation 
presented in Chapter 4. The calcium-calcium radial distribution function illustrated in 
Figure 5.36 supports the hypothesis that the core is amorphous. A single well-defined 
first coordination peak appears at an atomic separation of ca. 3.9 A and 3.8 A for the 
attractive and repulsive alkyl tail simulation, respectively. These separation values are 
closer to that observed for the aragonite simulation, ca. 3.95 A than the calcite 
simulation, ca. 4.05 A. The calcium-oxygen pair distribution function shown in Figure 
5.37 again shows a closer correlation between the first coordination peaks of the 
overbased detergent simulations and the aragonite simulation than for the calcite 
simulation. This feature is also repeated for the calcium-carbon (see Figure 5.38) and 
oxygen-oxygen (see Figure 5.39) pair distribution functions, suggesting that the local 
core structure of the overbased detergent particle is more like that of the aragonite 
crystal structure. These similarities break down for the carbon-oxygen and carbon- 
carbon pair distribution functions shown in Figures 5.40 and 5.41, possibly as a result of 
the random orientation between separate carbonate ions in the overbased detergent core 
compared to the well defined orientation between carbonate ions observed in the calcite 
and aragonite structures. The pair distribution functions of the components of the 
mineral core suggest that the overbased detergent core structure is closer to that of 
aragonite than calcite, despite the fact the calcium carbonate forcefield behaves more 
appropriately and was optimised for calcite. The MASNMR spectra shown in Chapter 2 
and the quantum mechanical calculation of the magnetic shielding constant shown in 
Chapter 3, however, suggest that the carbonate ion of the overbased detergent particles 
is more akin to the calcite structure.
246
a)
b)
Figure 5.35: The mineral core and co-solvent distribution observed in simulations using a) attractive 
alkyl tails and b) repulsive alkyl tails. The calcium ions, water molecules and mono-ethylene glycol 
molecules are shown as space-filled molecules while the carbonate anions are shown using stick 
representations.
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Figure 5.36: Comparison of the Ca-Ca pair distribution for the overbased calixarate/stearate micelles
with attractive (a) and repulsive (r) alkyl tail groups with the calcite and aragonite crystalline phases of
calcium carbonate.
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Figure 5.37: Comparison of the Ca-0 (carbonate only) pair distribution for the overbased
calixarate/stearate micelles with attractive (a) and repulsive (r) alkyl tail groups with the calcite and
aragonite crystalline phases of calcium carbonate.
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Figure 5.38: Comparison of the Ca-C (carbonate only) pair distribution for the overbased
calixarate/stearate micelles with attractive (a) and repulsive (r) alkyl tail groups with the calcite and
aragonite crystalline phases of calcium carbonate.
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Figure 5.39: Comparison of the 0 -0  (carbonate only) pair distribution for the overbased
calixarate/stearate micelles with attractive (a) and repulsive (r) alkyl tail groups with the calcite and
aragonite crystalline phases of calcium carbonate.
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Figure 5.40: Comparison of the C-0 (carbonate only) pair distribution for the overbased
calixarate/stearate micelles with attractive (a) and repulsive (r) alkyl tail groups with the calcite and
aragonite crystalline phases of calcium carbonate.
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Figure 5.41: Comparison of the C-C (carbonate only) pair distribution for the overbased
calixarate/stearate micelles with attractive (a) and repulsive (r) alkyl tail groups with the calcite and
aragonite crystalline phases of calcium carbonate.
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5.3.5: Results of Phenate/Stearate Simulation.
Figures 5.42 a) and b) show the final system configurations of the phenate stearate 
simulations using attractive and repulsive alkyl tail groups, respectively. The attractive 
alkyl tail groups result in an overbased detergent micelle similar to that observed for the 
calixarate/stearate system that used attractive tail groups. The stearate molecules 
effectively wrap around the surface of the mineral core forming a compact particle with 
a thin stabilising surfactant shell. These particles are quite spherical, unlike the disc like 
structures observed in the simulations which only phenate molecules stabilised the 
inorganic core. This is possibly a result of the action of the long chain stearate 
molecules in disrupting the equatorial ‘linked band’ of phenate molecules, observed in 
previous model phenate simulations [2,3] and reported in Section 5.2 of this chapter. 
The final system configuration observed for the simulation that utilised repulsive alkyl 
tail groups is shown in b) of Figure 5.42. Once again the conformation of the surfactant 
tails is more like that observed for solvated overbased detergent micelles with long 
unbranched tail groups [1]. The stearate and phenate molecules provide a thick shell of 
surfactants as they are forced to extend further from the surface of the mineral core by 
the purely repulsive forces between the tail group units and other molecules. The 
stearate molecules clearly extend further from the micelle since they are composed of 
longer unbranched alkyl chains.
Figure 5.43 highlights the distribution of the surfactants around the inorganic core of the 
micelle by showing the phenate molecules as a blue stick representation and the stearate 
molecules as a red stick representation. The simulation that used attractive alkyl tail 
units is shown in a) and the micelle simulated using repulsive alkyl groups are shown in 
b). Both orientations are the same as shown in Figure 5.43 a) and b). Both simulations 
resulted in fairly well mixed and evenly distributed surfactants and co-surfactants, 
supporting the idea that the stearate molecules disrupt the equatorial arrangement of the 
phenate molecules favoured by the model phenate simulations. The even coating of 
surfactants and co-surfactants may account for the increased level of overbasing that 
may be achieved on including stearic acid in the synthesis procedure, since a much 
lower proportion of the core material is exposed to the organic media. It is possible that 
as the core increases in size the energy penalty in having ‘exposed’ core to the solvent 
would otherwise become the prohibiting factor.
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a)
b)
Figure 5.42: The final system configurations of the mixed phenate stearate simulation using a) attractive
alkyl tailgroups and b) purely repulsive alkyl tail groups. Ca ions are shown using a space-filling
representation while all other molecules are shown using a stick representation.
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a)
b)
Figure 5.43: The same final system configuration pictures as shown in Figure 5.42. Different surfactant 
types are highlighted. The stick representations in blue and red correspond to the phenate and stearate 
surfactants respectively.
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The repulsive alkyl tail simulation, the final configuration of which is shown in Figures 
5.42 b) and 5.43 b), suggest another reason for the increased level of overbasing that can 
be achieved for the mixed phenate/stearate system compared to the purely phenate 
system discussed in Section 5.2. These figures reveal the greater length and linearity of 
the stearate molecules compared to the phenate surfactants and the decreased area of 
core, or ‘footprint’, that the stearate molecules cover. These differences should act to 
promote an increasingly linear interface between the mineral core and the organic 
medium in which it is dispersed by the surfactants. Decreasing the curvature of the 
interface will have the natural effect of increasing the radius of the micelle and 
consequently the amount of basic material any single particle is able to contain. This in 
turn allows the mixed phenate/stearate system to acquire a greater level of overbasing. 
The effect of the surfactant geometry, especially the curvature of the molecules and the 
size of the surfactants ‘footprint’ are explored further using mesoscopic simulation 
techniques in Chapter 6.
Since the number of components used to construct the micelles in the phenate/stearate 
simulations was dictated by the experimentally determined size of the overbased 
detergent particles, it would be interesting to quantify the size of the different parts of 
the micelles in these simulations. A useful means of assessing the various dimensions 
of the resultant overbased detergent particles may be found by considering the species 
resolved density distributions from the centre of mass as described in Section 5.2.8 and 
Eq. (5.1).
Figure 5.44 shows the density distribution of the calcium ions from the centre of mass 
of the mineral core for the simulations using attractive or repulsive alkyl tail groups. 
This figure suggests an upper limit for the radius of the core to be ca. 12.0 A. This is 
somewhat larger than the experimentally determined core size of 9.15 A, which is 
possibly a result of deviations from spherical symmetry in the core geometry. 
Nevertheless there are problems in defining a unique particle radius from these profiles. 
Considering Figure 5.44 again, the upper value of 12.0 A occurs for very few calcium 
ions, as indicated by low values for the density distribution at this separation value. At 
a separation of ca. 9.0 A, the density distribution for the calcium ions begins to fall 
away quite sharply, more consistent with the expected core size. This should be not be 
surprising since the size of the simulation was set by extrapolation from the 
experimental value for the radius of the particle. Figure 5.45 shows the density
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distribution of the surfactant oxygen atoms from the centre of mass of the core. This 
plot confirms the core radius determined from the calcium ion density distribution, with 
surfactant oxygens distributed around the surface of the mineral core at an average 
separation of ca. 9.0 -  10.0 A. The sulphur atom distribution of the phenate molecules 
mirrors the surfactant oxygen behaviour (see Figure 5.46), however it is shifted to 
slightly higher separations, consistent with the phenate molecules being almost 
perpendicular to the surface of the mineral core, as was observed from the model 
phenate simulations presented in Section 5.2. The benzyl carbon density distribution 
from the centre of mass of the core, shown in Figure 5.47, is also consistent with the 
perpendicular arrangement of the phenate molecules to the surface of the core. Figure 
5.48 shows the alkyl carbon density distribution from the centre of mass of the core. 
This plot shows the greatest difference in behaviour for the attractive alkyl tail and the 
repulsive alkyl tail groups. The attractive tail carbons show a much tighter distribution, 
set closer to the surface of the core, reflecting the fairly tight ‘wrapping’ of the stearate 
molecules around the micelle in this case. The repulsive carbon atoms, however, give a 
broader distribution at a greater separation from the centre of mass of the core because 
the stearate tail groups extend further from the surface of the micelle. The diameter of 
the phenate/stearate micelle reported by the Langmuir trough experiments was 4.73 nm. 
This corresponds to a total micellar radius of 23.7 A, a distance well within the 
distribution of the extended stearate molecules from the centre of mass of the mineral 
core as determined during the simulation. This would suggest that the shell thickness 
predicted by the average of the phenate and stearate chain lengths (weighted to the ratio 
of the surfactant to co-surfactant) is a more appropriate measure. Furthermore, since the 
stearate tail carbons are able to extend to a maximum distance of ca. 30.0 A, the 
stabilising surfactant layer must deform by ca. 6.0 -  7.0 A before the critical surface 
pressure observed on the Langmuir trough is reached (see Chapter 2). This is 
equivalent to the phenate/stearate particles overlapping over a range of about 25-30% of 
the total particle size, which is in close agreement with the Langmuir trough 
experiments, which show penetrations of over 30% of the particle size are typical. The 
results of these phenate/stearate particle simulations suggest that the reverse micelle is 
covered by a well-mixed arrangement of surfactant and co-surfactant molecules which 
effectively covers the surface of the mineral core, resulting in a near-spherical particle. 
This is in marked difference to the micelle made from purely phenate molecules, which 
showed a disk-like shape and regions of exposed core. The size of the simulated reverse 
micelle is also in good agreement with experimental values.
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Figure 5.44: Species-resolved density distributions from the centre o f mass of the phenate/stearate 
micelles for simulations incorporating attractive and repulsive alkyl tail groups. Results are shown for 
calcium ions found in the phenate/stearate system.
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Figure 5.45: Species-resolved density distributions from the centre of mass of the phenate/stearate
micelles for simulations incorporating attractive and repulsive alkyl tail groups. Results are shown for
surfactant oxygens found in the phenate/stearate system.
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Figure 5.46: Species-resolved density distributions from the centre of mass of the phenate/stearate 
micelles for simulations incorporating attractive and repulsive alkyl tail groups. Results are shown for 
phenate sulphur atoms found in the phenate/stearate system.
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Figure 5.47: Species-resolved density distributions from the centre of mass of the phenate/stearate
micelles for simulations incorporating attractive and repulsive alkyl tail groups. Results are shown for
phenate benzyl carbons found in the phenate/stearate system.
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Figure 5.48: Species-resolved density distributions from the centre of mass o f the phenate/stearate 
micelles for simulations incorporating attractive and repulsive alkyl tail groups. Results are shown for 
alkyl tail carbons found in the phenate/stearate system.
5.4: Overbased Calixarate Particles.
5.4.1: Introduction.
Although a preliminary study of the overbased calixarate micelle shown in Section 5.2 
suggests a micelle comprising of a mineral core ‘end-capped’ by calixarate molecules, 
there is some evidence from the Langmuir trough studies presented in Chapter 2, using 
existing analysis formulae, that the system is not monodispersed. The ‘knee’ in the Il-A 
curve observed for all the calixarate samples studies was quite indistinct, while the 
contact angle calculated for these particles was rather high, although this may have 
more to do with deviation from a spherical particle geometry. To test the ‘end-capped’ 
structure of the overbased calixarate particles, Molecular Dynamics simulations have 
been carried out using the experimentally determined ratio of core material to surfactant 
for the low and high TBN samples synthesised in Chapter 2. In addition to simulations 
including only a pair of calixarate molecules, the ratio of the system components was 
preserved and further simulations incorporating three calixarate molecules were 
undertaken.
5.4.2: System Details.
All simulations were set up using the same procedure as described in Section 5.2.2. The 
ratio of calcium carbonate to calixarate molecules was extrapolated to a calixarene with 
three deprotonated phenolic units from Chapter 2, Table 2.6, for the low and high TBN 
calixarate samples. Four simulations were carried out, corresponding to two low TBN 
calixarate systems, incorporating two or three calixarate molecules, and two high TBN 
calixarate systems, also with two or three calixarate molecules. The details of the 
system composition are given in Table 5.5. For simulations with an odd number of 
calixarate molecules, the total charge on the system was non-zero, since the calixarate 
charge is ca. -2.46 e and the calcium ion has a charge of ca. +1.64 e. To compensate 
for this and to preserve electroneutrality, a single hydroxide ion with a net charge of -  
0.82 e was included in the simulation to offset the excess positive charge originating 
from the calcium ions. Only simulations using repulsive alkyl tail groups are presented, 
since the model calixarate simulation described in Section 5.2 appeared to be a more 
realistic representation of the particles in the solvent using this technique, although the 
structures were initially constructed using attractive tail units.
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Simulation Number of calixarate 
anions
Number of calcium 
carbonate molecules
Low TBN calixarate 2 7
Low TBN calixarate 3 11
High TBN calixarate 2 22
High TBN calixarate 3 33
Table 5.5: System component details for the low and high TBN calixarate simulations described in the 
text. The ratio of the system components are calculated from Table 2.6 assuming three phenolic units of 
the calix[6]arene are deprotonated. The simulations were performed at a temperature T=298 K.
5.4.3: Results of Calixarate Simulations.
Figure 5.49 a) and b) show the final system configuration of the low and high TBN 
calixarate simulations incorporating two calixarates respectively. The structures of the 
overbased detergent particles are very similar to those observed for the previous model 
calixarate simulation. The main differences, however, are in the sizes of the cores and 
the amount of the mineral core that is exposed to the organic dispersion medium. The 
low TBN simulation involves fewer calcium carbonate molecules and consequently the 
mineral core is smaller and more effectively covered by the surfactant. The high TBN 
sample exhibits a much larger core and a large exposed core surface, with the calixarate 
molecules well spaced at either end of the core.
Figure 5.50 shows orthogonal views of the low TBN simulation that included three 
calixarate molecules. This has resulted in a very different structure to the end-capped 
arrangement observed when only two surfactant molecules are used. A trigonal 
arrangement of the calixarate molecules around the core now create a disk like structure 
similar in some respects to that observed in the phenate simulations. It would also 
appear that the amount of mineral core that is not covered by the surfactant may have 
actually decreased, since there are now only two ‘faces’ exposed as opposed to a band 
of calcium carbonate around the ‘waist’ of the particle for two calixarates. Figure 5.51 
shows the final system configuration for the high TBN calixarate simulation that 
included three surfactant molecules. Again the system adopted a trigonal arrangement 
of the surfactants around a much larger core, while the amount of mineral core exposed 
to the solvent is again reduced when compared to the high TBN simulation using two 
calixarate molecules.
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a) Low TBN system with two calixarate molecules.
High TBN system with two calixarate molecules.
Figure 5.49: a) The final system configuration observed for the low TBN calixarate simulation
incorporating two calixarate molecules, b) The final system configuration observed for the high TBN
calixarate simulation incorporating two calixarate molecules.
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a)
b)
Figure 5.50: Orthogonal views of the final system configuration achieved for the low TBN calixarate 
simulation incorporating three calixarate molecules.
Low TBN system with three
calixarate molecules.
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a)
b)
High TBN system with three
calixarate molecules.
Figure 5.51: Orthogonal views of the final system configuration achieved for the high TBN calixarate 
simulation incorporating three calixarate molecules.
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These simulations suggest that it is possible that the calixarate particles could adopt an 
alternate structure to the end-capped arrangement of surfactant molecules. A 
comparison of the diameters of the micelles shown in the Figures 5 .49-5 .51  with the 
experimental evidence of Chapter 2 may help to resolve which particle structure is 
actually adopted. ( The simulated particle sizes may be found by studying the density 
distribution of the various system components from the centre of mass of the mineral 
core.
Figure 5.52 shows the density distribution of the alkyl tail groups for both of the low 
TBN calixarate simulations. As the figure shows, there is only a small difference 
between the simulation incorporating two calixarate molecules compared to the 
simulation with three surfactant molecules. The distance from the centre of mass of the 
core to the alkyl carbons in the tube-like structure is much the same as for the trigonal 
arrangement of calixarate molecules in the disk-like structure. The absolute value of the 
calixarate particle radius that was calculated from the Langmuir trough experiment was 
ca. 16.9 A. This is well within the range of the more extreme alkyl carbon groups 
identified by Figure 5.52 for both of the low TBN simulations. This may explain the 
poorly defined ‘knee’ that was observed for the JJ-A curve used to calculate the low 
TBN calixarate particle size. If the synthesis process results in the formation of both of 
these structures, the point at which close packing occurs could be obscured by the 
polydisperse nature of the particles. Furthermore, particles which adopt the tube-like 
structure observed when only two calixarate molecules are included in the micelle could 
have also resulted in poor packing of the particles at the critical surface pressure.
Turning to the high TBN calixarate simulations, the same trend is observed. Since the 
end-capped arrangement of surfactant molecules maximises the centre of mass 
separation of the alkyl tail carbons, the density distribution of both high TBN 
simulations suggest particles of a similar size and shape for the core. Although in 
reality we are measuring the longest radial axis for both simulations. The experimental 
radius of the high TBN calixarate particle measured by the Langmuir trough technique 
is ca. 1.78 A, which is again well within the range of the most extreme alkyl tail carbons 
shown in Figure 5.43.
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Figure 5.52: Species-resolved density distributions from the centre of mass of the low TBN calixarate 
micelles for simulations incorporating two or three surfactant molecules. Results are shown for alkyl tail 
carbons found in the calixarate system.
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Figure 5.53: Species-resolved density distributions from the centre of mass of the high TBN calixarate
micelles for simulations incorporating two or three surfactant molecules. Results are shown for alkyl tail
carbons found in the calixarate system.
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Comparing the low and high TBN calixarate simulations, the radius dependent alkyl 
chain carbon density distribution from the centre of mass of the mineral core suggests 
particles of a similar size. This is in agreement with the experimentally determined 
particle sizes of 16.9 and 17.8 A for the low and high TBN calixarate systems 
respectively, and is possibly a consequence of the macrocyclic nature of the calixarate 
molecules. Since the calixarate incorporates at least six phenolic units into a single 
surfactant, it is not possible for the calixarate system to produce small micelles. In 
contrast, the previously studied phenate particles [2-4] were able to produce smaller 
micelles by using fewer of the dimeric phenate surfactants. Thus a 150 TBN phenate 
only needs to comprise of two phenate molecules, and hence four phenolic units, to 
stabilise the mineral core. The low TBN calixarate, however, requires at least two 
calixarate molecules and hence twelve phenolic units to stabilise the mineral core. 
Furthermore, as the TBN is increased the number of surfactants in the calixarate system 
need not increase, but rather the calcium carbonate core swells. This results in only a 
small increase in the particle radius, an effect that is reproduced by the simulation of the 
calixarate system and observed by the Langmuir trough determination of the particle 
radius.
These calculations suggest that, in contrast to the phenate and sulphonate systems, the 
size of calixarate particles are relatively insensitive to the level of overbasing. The 
assumed minimum requirement of at least two calixarate anions already dictates a 
minimum size for the particle (which is larger than a typical phenate). Consequently the 
addition of more CaCCb has a relatively minor effect on the overall size of the particle.
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5.5: Summary.
Molecular Dynamics simulations of the reverse micelles of overbased detergent 
particles have highlighted some key structural features of different surfactant types. 
The model detergent systems simulated here have supported the disk-like structure 
formed by the phenate particles [2-4] and the more spherical structure of the sulphonate 
detergents [1]. The salicylate particles would appear to be more akin to the sulphonate 
detergent system, producing roughly spherical particles, but having some unique 
structural features. An initial study of the calixarate system would suggest a tube-like 
structure comprising of a mineral core with two calixarate molecules end-capping the 
core.
Purely repulsive alkyl tail groups were used as an alternative to simulating the micelles 
in a hydrophobic medium. The behaviour of the repulsive alkyl tails was more akin to 
that of previous simulations that included atomistic representations of the dispersion 
medium [1]. For the simulations that used attractive alkyl tail groups, these often 
wrapped around the micelle owing to the van der Waals attractions. However, the 
degree to which the alkyl tail units protruded from the mineral core surface was less 
than that observed in previous simulations, possibly due to the shorter more highly 
branched nature of the propylene tetramer tails used in these simulations.
The details of the interaction of the different surfactant types at the core interface were 
explored. The phenate molecules penetrated the surface of the core quite effectively. 
This is possibly due to the well-separated single oxygens that make up the point at 
which the surfactant binds to the surface of the core. The sulphonate detergent particle 
did not penetrate the core as effectively as the phenate molecule. This is possibly due to 
the trigonal arrangement of the sulphonate oxygens that bind to the inorganic core, 
anchoring the sulphonate molecules on the core surface. Since the molecule is anchored 
in this fashion, the sulphonate surfactants tend to ‘stand proud’ of the core surface. The 
salicylate molecules also bind to the core surface in much the same fashion as the 
sulphonate molecules, being anchored by the carboxylate oxygens. As the salicylate is 
only bound at two points, the molecule is able to tilt at the core interface, consequently 
the salicylate molecules are more free to wrap around the micelle. The calixarate 
surfactants also do not penetrate the core to any great extent. The mechanism of
270
binding to the micelle is somewhat different. Since the calixarate possesses a 
hydrophobic area or cavity, it is this that binds the surfactant to the micelle.
The model detergent particles also proved to have substantial dipole moments. This is 
probably due to the amorphous nature of the mineral core. Since the cores lacked any 
crystalline symmetry, deviations in the local charge density are sufficient to induce a 
large dipole. Over the distance scale of the core material, only a fraction of an electrons 
charge is required to induce the typical dipole moment observed in the simulation. 
Dipolar attraction could lead to strong association in solution [19].
The size and shape of the micelles observed during the simulation of the model 
overbased detergents was determined from the principle moments of inertia. These 
values should be of use in future work on, for example, a reformulation of the equations 
used to derive the contact angle at the water/air interface (see Chapter 2) to include non- 
spherical shape effects.
The effect of including stearic acid, often used as a co-surfactant in the synthesis of 
overbased detergents to increase the level of overbasing, has been studied for mixed 
calixarate/stearate and mixed phenate/stearate systems. The calixarate/stearate 
simulation resulted in large roughly spherical reverse micelles, with the majority of the 
surface covered by the stearate molecules. There was a distinct difference in the 
behaviour in simulations carried out with repulsive and attractive tail units. The stearate 
molecules extended to a much greater distance than observed for the highly branched 
propylene tetramer tails. This was more in keeping with a previous study of an 
overbased sulphonate simulation that included atomistically defined solvent molecules
[1]. Co-solvents such as water and mono-ethylene glycol, MEG, were also included in 
the simulation. The co-solvent particles that remained associated with the overbased 
detergent particle were quite well bound to the surface of the mineral core and did not 
appear to move any great distance from the core surface. The MEG molecules appeared 
to coordinate to the core via interactions with the hydroxy groups, with the carbons of 
this molecule universally pointing away from the centre of the core. This behaviour 
possibly helps to stabilise the reverse micelle when dispersed in hydrophobic solvents 
by filling the exposed core surface and presenting the more hydrophobic portions of the 
MEG to the solvent. The calixarate molecule, in both attractive and repulsive tail 
simulations, appeared to host a single MEG molecule. This may give insight into the
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role of the calixarate in the synthesis procedure. Since the calixarate surfactant only 
covers a relatively small portion of the core surface, it would seem unlikely that it is 
crucial to the stability of the final product. Rather it may act as an initiator to start the 
formation of the core, by stabilising a small amount of inorganic salt and co-solvent, 
which is subsequently added to form the final product.
The phenate/stearate simulation resulted in the formation of a roughly spherical micelle, 
with the phenate and stearate molecules evenly distributed over the surface of the 
mineral core. The disk-like structure observed for the phenate system without the 
stearate co-surfactant is no longer evident, presumably due to the straight chain stearate 
molecules inhibiting the build up of phenate molecules in an equatorial arrangement 
around the core. Again the repulsive tail group simulation shows a surfactant 
distribution more akin to that observed in simulations containing atomistically defined 
solvent molecules. The size of the micelle was analysed by reference to the density 
distribution of various system components from the centre of mass of the inorganic 
core. The experimentally determined particle radius (see Chapter 2) was in fair 
agreement with the simulated particle radius.
The calixarate system without stearate as a co-surfactant was further analysed and 
compared to the low and high TBN calixarate products synthesised in Chapter 2. The 
ratio of the system components was taken from experimental evidence and the micelles 
constructed including two or three calixarate molecules. Simulations that used two 
calixarate molecules in the micelle showed the end-capped arrangement of the 
surfactants at either side of an inorganic core. The three surfactant simulations resulted 
in a trigonal distribution of the surfactants around the core. Both the two calixarate and 
three calixarate simulations exhibited maximum micellar radii that were very close to 
each other. This was presumably due to the end-capped surfactant arrangement 
maximising the centre of mass separation for the surfactant molecules. Both simulated 
systems for both the low and high TBN simulations gave particle radii comparable to 
the experimentally determined radii. This may suggest that the calixarate particles 
adopt either configuration, and that the systems are shape polydisperse, which would 
perhaps account for the imprecise ‘knee’ observed in the Tl-A curve taken from the 
Langmuir trough experiments.
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From this work it is clear that there is an intimate relationship between the structure of 
the core and the chemical nature of the surfactant molecules. Each chemical system 
exhibit organic and inorganic components that interact co-operatively to produce unique 
structures for each system. The phenate surfactants appear to penetrate the core to a 
greater extent than the sulphonate, salicylate and calixarate systems, thus affecting the 
core structure. The sulphonate and salicylate surfactants bind to the core surface 
through the oxygens of the surfactant headgroups, producing subtly different core 
structures. The calixarate molecules appear to coordinate to the mineral core less 
rigidly than other systems, again introducing different structure to the core. It must be 
noted, however, that the majority of the simulations in this chapter were performed on 
overbased detergent systems with relatively small cores. Consequently, a large 
proportion of the calcium carbonate molecules in the overbased detergent particles are 
found at the surface of the mineral core, and the effect of the surfactants on the core 
structure may be less acute for inorganic material deep within a larger micelle.
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6.1: Introduction.
The atomistic simulations carried out in and described in Chapters 4 and 5 provided a 
detailed description of the effects of surfactant chemistry {e.g. shape, chemical class, 
polarity, headgroup and tail characteristics) on individual micelle characteristics. As 
reported, some computations included large mixed surfactant and co-surfactant systems, 
and the effect of a large body of solvent on the structure of overbased detergent 
micelles. However, even with today’s ever growing computer power these simulations 
are far from being routine and it was not possible to cover as wide a range of system 
parameters as would have been satisfactory. Outstanding questions remain about the 
formation of these micelles and their dependence on fairly global features of the 
molecules in the system. Such questions include the effects of surfactant geometry and 
component species ratios on the final self-assembled micelles found in overbased 
detergent systems. These questions cannot yet be answered by fully atomistic 
Molecular Dynamics.
A useful comparison can be made between microemulsion behaviour and the formation 
of reverse micellar overbased detergent species. Ternary mixtures of oil, water and 
surfactants exhibit interesting and diverse phase behaviour dictated by the immiscibility 
of oil and water and the ability of surfactants to assemble at the interface between these 
two media. This reduces interfacial tension in the process and allows the formation of a 
range of long-lived phases. This chapter deals with microemulsion phase behaviour as a 
model for the early stages in the formation of overbased detergent nanocolloidal 
particles. Small Angle X-ray Scattering (SAXS) has showed that a micellar 
configuration is a precursor to the nano-colloidal products [1] and that this inverse 
micellar structure persists during and after carbonation [2,3], which has largely been 
confirmed by atomistic simulation [4,5].
To study this complex evolving system using a fully atomistic description of the 
molecular species typically present in a microemulsion would limit the time scale of the 
simulation to a few ns. This time frame is not long enough to study the self-assembly of 
surfactants into structures within the microemulsion. Simulations involving atomistic 
potentials have been performed on single micelles by creating a potential between 
surfactant head groups and a sphere (used to describe the water core), however this 
dictates the size and shape of the micelle before the simulation commences [6-9].
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Atomistic simulations explicitly accounting for water molecules have also been 
undertaken with the same limitations on a predetermined micellar size as before [10- 
12].
The first generic computational study of microemulsions was by Wheeler and Widom
[13] who incorporated the essential aspects of a microemulsion in a lattice model. This 
treatment included immiscible water and oil phases and an amphiphillic component 
with affinity for water at one end and oil at the other. This lattice simulation and others 
that followed predicted many phases with low interfacial tension broadly corresponding 
to those found experimentally [14-18]. More recently these lattice models have been 
modified to include hydrodynamic effects to investigate the non-equilibrium dynamical 
behaviour of microemulsions with length-scale effects and domain growth dynamics in 
qualitative agreement with experiment [19,20]. An off-lattice or continuum MD model 
developed by Telo da Gama and Gubbins involved the same principles as the lattice 
models by removing the atomistic detail of the species and only retaining such essential 
features as shape and average interaction strength [21]. Investigation of the interfacial 
characteristics [22-25] and the self-assembly of surfactants into micelles [26,27] using 
coarse-grained MD has provided the evolution and morphology of surfactant 
aggregates. Two dimensional MD simulations of the dynamics of phase separation in 
microemulsions have also been carried out [28]. The pseudo-atomistic level of 
behaviour observed in these simulations, while inaccessible to experimental techniques, 
has provided qualitative insight into the structure and dynamics involved.
In this chapter the results of coarse-grained MD simulations employed at the 
mesoscopic scale are presented. Compositions at different points on the ternary phase 
diagram were investigated along with the effect of simple changes to the surfactant 
geometry on these phases. The complexity of the model was kept to a minimum while 
preserving what was considered to be the key aspects of a microemulsion, allowing 
access to the dynamical processes associated with the formation of microemulsions at 
an accessible time scale, which would otherwise be prohibitive using a fully atomistic 
forcefield. The parameters and state points simulated were chosen to provide the most 
useful specific conclusions about the overbased systems.
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6.2: Model and Computational Detail.
6.2.1: Introduction.
The forcefield was reduced to the bare essentials to describe the interaction of the 
component species of a microemulsion on the whole molecule rather than atomistic 
scale. MD simulations have been used before to investigate the interfacial behaviour 
and self-assembly processes at work in these systems [22-27]. However, those 
simulations did not study the phase behaviour of the three component systems, but 
rather surfactant behaviour at the interface of water and oil for low fractions of 
surfactant to equal proportions of oil and water. MD simulations studying the phase 
separation dynamics of microemulsions [28] have been undertaken, however, the 
simulations only studied the effect of different surfactant concentrations with equal 
amounts of oil and water. The simulations reported in this chapter use essentially the 
same model as that used in Refs. [22-27], but with the additional feature that the 
variations in surfactant geometry have been covered in a more systematic way. The 
relative compositions of each species were chosen to probe important domains of 
system phase behaviour.
6.2.2: Simulation Model.
The model used to describe the system to be simulated was inspired by the work of Telo 
da Gama and Gubbins [21] and following studies [22-28]. The system was initially 
described by defining two types of particle, called ‘water’ and ‘oil’. The ‘water’ and 
‘oil’ species mimic the real systems in being immiscible. The immiscibility of these 
two particle types was achieved by having attractive interactions between particles of 
the same type, while those of opposite type only interact repulsively. Surfactants were 
created by connecting a water particle with an oil particle by a harmonic spring potential 
as illustrated in Figure 6.1. The head group of the surfactant (water particle) then 
interacts attractively with other head groups and water particles but repulsively with oil 
particles. The converse is true for the tail group of the surfactant (oil particle), with 
interactions between tail groups and oil particles being attractive and interactions with 
water particles (including head groups) being repulsive. In the context of the overbased 
detergents, the ‘water-like’ particles would correspond to the CaCC>3 molecules.
The interparticle interactions were described by a modified Lennard-Jones 12-6 
potential,
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where «%• is the equilibrium well depth between particles i and j ,  ry, the separation and 
oij is the molecular diameter of the Lennard-Jones particles. The mixing rule,
= K +cr« J /2 (6-2)
t l iwas used where at is the particle type of the i particle. The Kronecker delta function,
s «fl, >
fO
<«>
ensured that particles of the same type interacted attractively at long range, while those 
of opposite types interacted repulsively (of course all species combinations are repulsive 
at separations less than ~q/). A harmonic potential was used to describe the bond 
between the head and tail (water-like and oil-like respectively) of the surfactant particle,
(6.4)
where ks is the spring constant, lb is the equilibrium bond length and r y  is the separation 
between the water and oil particles defining the surfactant. The spring constant was set 
to be sufficiently stiff during the simulation that 90% of the connected units were within 
2% of the equilibrium bond length.
Water-like particle.
Oil-like particle.
Surfactant composed of water-like 
and oil-like particles connected 
by a harmonic potential.
Figure 6.1: Schematic representation of the individual species present in the MD simulations of 
microemulsions.
The system parameters are quoted in terms of the LJ parameters for the oil particles 
(s, The quantities and units (in brackets) are: number density (pc?), temperature 
(JcbT /s) ,  energy (E/s), pressure (Pc?/s), time ((dmc?)ll2 t) and force (fcf/s). The main 
advantage of reduced units is that there are then fewer parameters used to describe the 
molecules (e.g. s, cr, m). It then becomes easier to identify cause-effect relationships 
between the chemistry and the mesoscale structures formed during a simulation. The 
simulations were carried out at an average reduced density of pc?=/f= 0 . 8  and reduced 
temperature, T*=0.8. The force constant for the surfactant intramolecular potential, 
&5=104 and the time step, At*=0.005.
6.2.3: System Composition.
Each simulation was started from Nw water and N 0  oil molecules placed randomly on a 
face centred cubic (fee) lattice. A number of surfactants, Ns, was constructed by 
connecting adjacent pairs of water and oil molecules at random. Each system consisted 
of 2916 separate LJ sites. The ratio of each component was chosen to study a specific 
region of the ternary phase diagram shown in Figure 6.2.
Simulation
type
Symbol N0:NW:NS K K K %
surfactant
‘Concentrated’ C 1:1:1 729 729 129 33.33
‘Dilute’ Da 20:1:1 2532 128 128 4.60
‘Dilute’ Db 20:2:1 2404 256 128 4.60
‘Dilute’ Dc 20:1:2 2276 128 256 9.62
Table 6.3: Details of the number of each component for simulations performed at four points on the 
ternary phase diagram. N0, Nw and Ns correspond to the number of oils, waters and surfactants 
respectively.
Two parts of this phase diagram were investigated, one point at the centre (with the ratio 
N 0 :NW:NS equal to 1:1:1) and three points in the oil rich portion of the phase diagram 
with N 0 :NW:NS equal to 20:1:1, 20:2:1 and 20:1:2. Henceforth, simulations at the centre 
of the phase diagram will be referred to as ‘concentrated’ (and given the symbol C) and 
those in the oil-rich part of the phase diagram as ‘dilute’ (and given the symbol D). The 
concentrated simulations were performed to study the final product mixture in the 
overbasing reaction where the molar ratio of base oil to surfactant to CaCC>3 is 
approximately in the ratio 1:1:1. The dilute simulations were performed to study
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micelle formation at the early stages of the overbasing reaction, where there is an excess 
of co-solvents. Table 6.3 shows the number of each of the components at the phase 
points simulated. Figure 6.3 and 6.4 show a typical starting configuration for the 
concentrated and dilute simulations respectively, with the oil fraction omitted for 
clarity.
Liquid Crystal 
(lamellar)
Bicontinous
structure Surfactant
Water swollen 
reverse micelle
Oil swollen 
micelle j
Reverse
micelleMicelle
H20  Oil
Figure 6.2: Schematic representation of the ternary phase diagram associated with microemulsions 
[29,30].
6.2.4: Variation in Surfactant Geometry.
The relative composition of water, oil and surfactant and also the geometry of the 
surfactant species present affect the behaviour of microemulsions. To study the effect 
of changing surfactant shape on the phase behaviour, it would be possible to combine 
several water and oil molecules to achieve a desired geometry. This has the 
disadvantage that linking many LJ sites together decreases the number of separate 
particles in the system, effectively reducing its size. This problem is particularly acute 
for concentrated simulations where a great number of surfactant molecules are required. 
This could be resolved by simply increasing the number of LJ sites in the simulation so 
it can accommodate a greater number of the extended surfactant particles, however this 
is only achieved at some considerable computational cost. Alternatively, the ‘geminaT 
surfactant construction can be retained and the surfactant shape altered by changing the 
relative diameters of the water and oil moieties. This strategy is shown in Figure 6.5.
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To aid in the discussion of the results, a parameter, k; is defined as the ratio of the 
volume of the oil particle to the volume of the water particle, v0/vw.
Surfactant tail
Water-like particle
Surfactant head
Figure 6.3: Typical starting configuration for a ‘concentrated’ simulation. The oil particles have been 
omitted for clarity.
Surfactant tail
Water-like particle
Surfactant head
Figure 6.4: Typical starting configuration for a ‘dilute’ simulation. Oil particles have been omitted for 
clarity.
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Tail group (oil moiety)
Head group (water moiety)
k  = v / v „ ,  1.0 2.0 3.0 4.0 5.0O w
Figure 6.5: Surfactant geometries used in the simulations. The bond length, Ijj and oil particle to water 
particle ratio volume k =v 0/v w, are shown in the diagram.
To change the geometry in a systematic and quantifiable way, simulations run at each 
phase point were repeated a further four times, each with a decrease in the volume of 
the water particle (7rc?w/6). This resulted in five simulations with water particle to oil 
particle volumes, tc, of 1.0, 2.0, 3.0, 4.0 and 5.0. Note that the radius of curvature of the 
surfactant molecules decreases along this series. Table 6.4 shows the details of the 
water species for the five C-class simulations performed at each point on the phase 
diagram.
Before presenting the results of the simulations, it would be useful to define a few 
parameters relating to the shape of the surfactant. Israelachivili defines a surfactant 
molecule in terms of the radii of curvature, Ri and R2 , volume of the surfactant tail, vh 
the length of the surfactant tail, lh the area ‘behind’ the surfactant tail, at, and the area 
behind the surfactant headgroup, ah [31]. These are shown in Figure 6 .6 , as well as the 
application of this treatment to the simple geminal surfactants used in these simulations. 
It is important to note the trends in these variables as a : increases. As a : varies from 1.0 
to 5.0, the radius of curvature, Rs, and the surfactant headgroup area, decrease while 
the surfactant tail length, /,, and the surfactant tail group area, increase.
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Area, at 
Volume, v,
Radius of curvature, R:
Volume, v,
Area, a,
Radius of curvature, R
Figure 6.6: Schematic diagram showing some useful parameters associated with the geometry of a 
surfactant molecule [31]. The volume, v,, corresponds to the volume of the hydrocarbon tail, while a, is 
the area furthest from the head group of the surfactant and R\ and R2 are the radii of curvature describing 
this surface. The distance, lh is that between the surface of the hydrocarbon tail furthest from the 
headgroup and the surface behind the head group of the surfactant of area ah. The same dimensions are 
shown for a surfactant comprising a tail particle with four times the volume of the head group particle. 
The radii of curvature Ri and R2 are equal to the radius of curvature of the surfactant Rs.
6.2.6: Simulation Details.
Five simulations were performed at each phase point. Each simulation consisted of 
2xl0 5 time steps using the Verlet leapfrog algorithm to integrate the equations of 
motion, with temperature control by velocity scaling at every timestep. Simulations 
were carried out at constant volume. All the Molecular Dynamics simulations reported 
here were made with software written in FORTRAN 90 by the author and implemented 
on a SG Power Challenge at the University of Surrey Computer Centre. I have not been 
concerned, to any great extent, with time dependant effects here, and the assignment of 
a ‘real timescale’ with the simulation times is not trivial.
Simulation K
Cl 1 . 0 1 . 0 0 0
C2 2 . 0 0.794
C3 3.0 0.693
C4 4.0 0.630
C5 5.0 0.585
Table 6.4: Variation in the sizes of water and oil particles for simulations at each phase point. The oil 
particle to water particle ratio, k =v 0/v w  and water particle diameter, <rw, are shown for concentrated 
simulations C1-C5. The oil particle diameter, <r0, is equal to unity in all cases.
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6.3: Concentrated Systems.
6.3.1: Introduction.
The results of the simulations will be presented in two sections. First, in this section, 
those performed with equal ratios of system components; (concentrated simulations Cl- 
C5) will be discussed. Then the simulations performed in the oil rich part of the ternary 
phase diagram (dilute simulations Da, Db and Dc) will be reported in Section 6.4.
6.3.2: Snapshots of System the Concentrated Configurations.
An initial random distribution of oil, water and surfactant was allowed to evolve. 
Figure 6.7 shows final snapshots of the concentrated simulation with surfactants 
composed of equal sized water and oil particles, C l, at *= 10, 40 and 1000. All of the oil 
particles, those not attached to water moieties and acting as surfactant tail groups that is, 
have been omitted from the figure to help clarify the structures formed by the remaining 
components. Even at the relatively early time, *= 10, the system can be seen to have 
evolved into separate oil and water phases. There was a build up of surfactants at the 
interface between these two phases and pockets of water particles appear to have 
developed. At the later time, *=40, more structure can be seen, with the separation of oil 
and water being complete and surfactants aligned neatly at the interface between oil and 
water. The pockets of water have amalgamated at this time into continuous ‘seams’ of 
water running throughout the simulation box. At a late time, *=1000, phase separation 
of water and oil was complete and surfactant particles are seen to be localised between 
the oil and water phases. The structure appears to consist of ‘sheets’ of water and 
surfactant connected by channels of water, which is reminiscent of the conventional 
picture of the bicontinuous phase found in microemulsion systems at this point in the 
ternary phase diagram (see Figure 6.2).
Figure 6.8 shows an instantaneous configuration taken from a concentrated simulation 
in which the oil particles (and tail groups) were three times larger than water particles 
and head groups (**= 3.0) as the system evolved. The points in the simulation, *=10, 40 
and 1000, are the same as those chosen in Figure 6.7 for oil particles and water particles 
of the same size (i.e. k -  1.0). The system shows that at early time, *=10, the oil and 
water phases are separating and the surfactants are once again assembling between the 
water and oil. At a later time, *=40, this system is beginning to show a different
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structure compared to the a^I.O simulation at the same time in the simulation. Instead 
of a bicontinuous phase forming, the water particles are concentrated into pockets 
distributed through the simulation cell. This trend continues and at the late time, 
*=1000, the water particles are distributed in micellar pockets closely situated to each 
other. The bicontinuous phase is completely disrupted and only the oil phase is 
continuous. This different behaviour may be attributed to either a decreased radius of 
curvature, Rs, of the surfactants (as shown in Figure 6.6) acting to promote an 
increasingly curved interface between water and oil, or a decrease in the volume 
fraction of water, making it less probable that the system will exhibit a continuous water 
phase. Both of these factors could be influential in determining this behaviour. This 
should allow the oil particles to permeate between the aggregates of water and 
surfactant to form a greater percentage of the continuous phase. The snapshots of the 
particle assemblies also show an increase in the number of surfactant particles that are 
not associated with any water molecules. Since the water particles are organised into 
roughly spherical aggregates, the area of water exposed to the oil particles is minimised, 
and the total surface area the surfactants are able to cover is greater than the exposed 
surface area of water. This will then drive excess surfactants into the bulk oil phase, 
resulting in an increase in the number of free surfactants. Such behaviour may be 
responsible for the slow late-time dynamics observed in high surfactant concentration 
simulations [28]. It is postulated that high concentrations of surfactants swiftly cover 
the interface between water and oil, reducing the interfacial tension and slowing domain 
growth dramatically until it eventually stops when all interfaces are covered. This is in 
qualitative agreement with the observations made here. The water and oil phases 
swiftly separate until the interface is saturated with surfactant molecules, from which 
point further domain growth is dramatically reduced and slowed down. Consequently, 
surfactants that are not already at the interface when it becomes saturated are forced into 
the oil phase. Since the total interfacial area between water and oil is greatly reduced 
from simulation Cl (k  = 1.0) to C3 (/c= 3.0), the surfactants are able to cover this 
surface area more swiftly. This in turn ‘quenches’ the growth of the water phase more 
rapidly and ‘traps’ surfactants in the oil phase more effectively.
Figure 6.9 shows the evolution of the concentrated system with oil particles five times 
the volume of the water particles, i.e. k = 5.0. Again the instantaneous configurations 
are shown for *=10, 40 and 1000 as for the previous Figures 6.7 and 6.8. The system 
once again begins to develop as early as, *=10, with water particles beginning to
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aggregate into small groups. As for the system shown in Figure 6.8, the decreasing 
radius of curvature of the surfactants and the decreased volume occupied by the water 
component has resulted in yet more discrete pockets of water particles. A stabilising 
surfactant layer that is in turn surrounded by a continuous oil phase surrounds these 
pockets of water. This is clearly the case at /=40 and at late time the water swollen 
micellar structures are complete and well-formed with surfactants evenly distributed 
around the water cores. The amount of free surfactant has once more increased to the 
point where reverse micelles without water in the centre are beginning to form from this 
free surfactant. Once again this may be attributed to a decrease in the volume occupied 
by water particles during the simulation and the decreased radius of curvature 
promoting increasing curvature at the surfactant covered interface.
From these pictures alone we can see that, for all simulations, phase separation between 
oil and water occurred quite early on in the simulation and the surfactant particles 
inhabit the available interface between water and oil. For the first simulation the system 
evolves into a bicontinuous phase consistent with its position in the ternary phase 
diagram. As the radius of curvature of the surfactants was decreased, the interface 
became increasingly curved. Along with a decrease in the volume of water present, this 
resulted in the formation of discrete water-swollen micelles and an increasing amount of 
free surfactant. These observations are in qualitative agreement with domain growth 
dynamics observed in other simulations, which suggest that phase separation ends when 
the interface is saturated with surfactants [28]. At this point, any surfactants that are not 
already assembled at the interface become trapped in the oil phase. This effect becomes 
increasingly pronounced through simulations Cl to C5 due to a smaller volume 
occupied by the water particles presenting a smaller interfacial area, which becomes 
saturated more rapidly by fewer surfactants. Consequently, a greater excess of 
surfactants is observed approaching simulation C5.
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a: = 1.0, t =10
k = 1.0, t =40
k —\ .0, t =1000
Figure 6.7: Snapshots of the development of the concentrated simulation, C l, with oil and water particles 
of equal size {i.e. k = 1.0). Early, middle and late stages of system evolution are shown by t=!0, 40 and 
1000. Water particles are shown as white spheres, surfactant headgroups as blue spheres and surfactant 
tails as red spheres. The oil particles are omitted for clarity.
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AT =3.0, t =10
a: =3.0, t =40
*■=3.0,^=1000
Figure 6.8: Snapshots of the development of the concentrated simulation, C3, with oil to water particles 
size ratios equal to 3.0 (i.e. tc= 3.0). Otherwise the details are the same as those in Figure 6.7.
289
a: =5.0, 7=10
a* =5.0, t =40
*r=5.0, 7=1000
Figure 6.9: Snapshots of the development of the concentrated simulation, C5, with oil to water particles 
size ratios equal to 5.0 (i.e. k = 5.0). Otherwise the details are the same as those in Figure 6.7.
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6.3.3: Pair Distribution Function.
The pair distribution functions between various species provide a more quantitative 
characterisation of the phase changes. For the final 105 timesteps of the simulations the 
pair distribution functions gtot(r), gww(r) and g 0 0(r) (corresponding to the pair 
distribution function between all species, water-like species and oil-like species 
respectively) were calculated. The overall structure of the simulations did not change 
appreciably beyond t=500 so we can assume a near steady state in this region. The pair 
distribution functions were calculated using Eq. (4.24). Figure 6.10 shows the pair 
distribution function for all particles in the simulation cell for all oil to water size ratios, 
k. The simulations for rc= 1.0, 2.0, 3.0, 4.0 and 5.0 shall be referred to C l, C2, C3, C4 
and C5 respectively.
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Figure 6.10: The C-class pair distribution function calculated from all particles in the simulation box. 
Results of simulations at all oil to water size ratios are shown.
A sharp peak at r=1.0 for simulations C1-C5 corresponds to the equilibrium bond length 
of the surfactant molecule which does not change appreciably between simulations due 
to the relative strength of this interaction. The peaks for r<1.0 come from the water 
particles and head groups in simulations C2-C5. The water particle contribution in
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simulation Cl coincides with the oil particle g(r) beyond r=1.0. The equivalent peak in 
simulations C2 to C5 is increasingly sharp just after r= 1.0 possibly due to a combination 
of the short-range oil particle interactions and the second coordination shell of the 
water-like particles. The increased sharpness and height of this peak through 
simulations C2 to C5 must be due to the contribution from the second coordination shell 
of the water-like particles. This is because any contribution from the first coordination 
peak of the oil particles would decrease due to the growing free volume in the 
simulation brought about by the decreasing water particle size.
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Figure 6.11: Average pair distribution function for water-water interactions. ‘Free’ and surfactant water 
contributions are included. Results for all K  values are presented on the figure.
Figure 6.11 shows the radial distribution function for water particles (including 
surfactant head groups) from simulations C1-C5. Results are plotted against separation 
in units of the water particle radius as this makes comparison of the dominant short- 
range peaks easier. All plots show peaks associated with the first and second 
coordination shells consistent with a liquid state in the regions of the simulation 
containing water. The heights of the first coordination shell peak show a pronounced 
increase as the water particle size decreases. As the water molecules decrease in size,
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the local number density is greatly increased when compared to the total number density 
of the water particles in the system. This in turn causes g(r) to increase at low 
separation values. The second coordination peak height increases with increasing k , 
which is consistent with observations made from the all particle radial distribution 
function shown in Figure 6.10. Longer-range correlations appear as a minimum in the 
pair distribution function.
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Figure 6.12: Pair distribution function of water particles, focusing on separations above three oil 
diameters.
Figure 6.12 focuses on the separation range relating to the longer-range correlation, 
however the results are now plotted against the separation in units of the oil particle 
radius. This makes comparison of the medium range structure clearer. Simulations C2- 
C5 show a featureless minimum in the pair distribution function between four and six 
oil diameters, presumably because of the depletion of water particles in the oil phase as 
they aggregate into micelles. The value of the separation at which this minimum occurs 
should correspond to half the average separation between the centre of mass of the 
micelles. These separations are 5.4, 4.9, 4.6 and 4.4 croil for simulations 2-5
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respectively. The decrease in these values with decreasing water particle size is a result 
of many smaller micelles being formed, which reduces the average mean separation 
between the clusters. The radial distribution function for simulation Cl in this range is 
very different to those from simulations C2-C5. This reflects the difference in long- 
range structure between the bicontinuous structure observed in simulation 1 compared 
to the discrete micelles formed in all of the other simulations at this phase point. 
Nevertheless a minimum still appears in gwwix) at about 5.0 oil diameters with the pair 
distribution function oscillating with a period of about one oil diameter even in the 
intermediate range (reflecting both short range and long-range structural features). This 
would suggest that the centre of the ‘layers’ of water-like particles are separated from 
the centre of the oil-like ‘layers’ by about five oil particle diameters. The oscillation in 
gww(r) suggests longer-range correlations between water particles and hence an 
immobile structure.
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Figure 6.13: Plot of the average separation between the centre of mass of micelles (rjep=2rm/„) in 
simulations C2-C5 plotted against the oil-like moiety to water-like moiety volume ratio, k.
Figure 6.13 shows a plot of the intermicellar centre of mass separations, calculated as 
two times the separation at which the minimum in the pair distribution function occurs,
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against the particle volume ratio, k . Results are shown for all systems that self assemble 
into discrete micelles (simulations C2-C5). The graph shows a monotonically decaying 
relationship between the inter-micellar separation and the volume ratio. More micelles 
are created with decreasing k, which is the dominant factor determining the size of the 
micelles.
Figure 6.14 shows the radial distribution function for oil particles (including surfactant 
tails) calculated during simulations C1-C5. The first coordination shell peak stays at the 
same point as the water particles are reduced in size, however the peak height is reduced 
as a greater volume is made available to the oil particles on reduction of size of the of 
the water moieties. All simulations show a peak corresponding to the second 
coordination shell, while only simulation 1 shows a third coordination shell peak, 
consistent with the greater long-range ordering in the oil phase and surfactant tail 
groups for this system. This figure also shows that there is only an intermediate range 
minimum for a : =1.0, which is consistent with the bicontinuous structure suggested by 
the configuration pictures.
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Figure 6.14: Pair distribution function for oil particles for all simulations at the centre of the ternary
phase diagram.
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Figure 6.15 compares the g0 0 (r) for oil particles on the intermediate lengthscales. The 
plot for simulation Cl is almost identical to the corresponding plot for water particles 
(see Figure 6.12), reflecting the fact that, for k =1.0, water and oil particles are 
interchangeable and both types are equivalent in the bicontinuous structure. 
Simulations where the water moieties are smaller than the oil particles show fairly 
featureless curves, with values approaching unity, corresponding to no long-range 
structure. This trend to g00(r)= 1 is more pronounced for simulations with smaller water 
particles since a greater volume is accessible to the oil particles, and hence less structure 
is imposed upon the oil phase by the interface covered with surfactant particles.
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Figure 6.15: Pair distribution function for oil particles for all simulations at the centre of the ternary 
phase diagram. The plot focuses on the intermediate lengthscales.
6.3.4: Coordination Number.
The radius dependent coordination number is the average number of particles within a 
distance, r, from an arbitrary central particle,
r
c n (r ) “  ^nP \g (r ) r 2dr (6.5)
o
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where p  is the appropriate number density of that species. Figure 6.16 shows the 
coordination number calculated from the pair distribution function for all particles given 
in Figure 6.10. Only values up to two oil diameters are shown, allowing a good 
resolution of the first coordination shell on the graph. Simulations C2-C5 exhibit a 
fairly shallow increase in the coordination number with distance below a separation of 
1 .0 , with a discontinuity at r=1 . 0  as contributions from the oil particles, and the sharp 
peak in Figure 6.10 due to ‘bonded’ waters and oils becoming involved. The initial 
increase in the coordination number becomes shallower for lower k  values reflecting 
less structural detail between neighbouring particles. This may be due to the increasing 
free volume available to the oil molecules as the total volume of the water moiety 
decreases. The overall coordination number rises more steeply after a separation of 1.0 
for decreasing water particle volumes as a greater number of water particles are able to 
pack into the same volume.
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Figure 6.16: Coordination number against separation up to two oil diameters for simulations C1-C5 in 
the concentrated simulation regime. Values are calculated from the pair distribution function of all 
particles in the simulation.
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Figure 6.17 shows the radial dependence of the coordination number for water particles 
and surfactant head groups in simulations C1-C5. The closest neighbours of the water­
like particles become less coordinated as the size of the water particles diminishes. The 
step in cn plateaus at a value corresponding to the number of nearest neighbours to an 
arbitrary central particle. These values get progressively smaller for simulations Cl to 
C5. The high value (-10) for simulation Cl is a result of the well-packed water particles 
in the continuous water phase and the surfactant head groups at the interface of the 
water particles. As this structure is disrupted by decreasing k  the well-ordered 
bicontinuous phase is replaced by discrete reverse micelles. Figure 6.18 shows the 
effect of moving from the bicontinuous phase to a micellar phase, and then to a system 
of smaller micelles, on the local coordination number of the water-like moieties. The 
figure shows a slice through the two types of structure and the bicontinuous ‘seam’ has 
a much greater ‘depth’ than the micellar species. Water-like particles that are located 
away from the interface have a greater number of water-like neighbours and hence a 
more pronounced step in the radial coordination numbers. Although the water-like 
particles found in the bicontinuous structure are never far from the interface, the ‘seams’ 
of water are extensive in two dimensions, thus increasing the number of water near­
neighbours. As micellisation occurs, there is no longer an extensive network of water­
like particles and a greater proportion of the waters are to be found at the interface. This 
greatly reduces the coordination number. Decreasing the radius of curvature of the 
surfactants further promotes the formation of smaller micelles, which in turn expose a 
greater proportion of their water-like particles to the interface. Consequently, a greater 
proportion of water-like particles come into contact with the oil-like particles, and the 
radial dependent coordination number at low separations is consequently decreased.
Figure 6.19 shows the corresponding radial dependence of cn for oil particles, cn°°(r). 
The trend of decreasing coordination number at a given r, with decreasing water particle 
volume holds also for the oil particles, due to the effects of micellisation and decreasing 
micellar size. As k  is increased, the ratio of the water surface to water volume 
increased, which resulted in a greater number of oil-like particles neighbouring water­
like particles, thus reducing the radial dependent coordination number from simulation 
Cl to C5. The large difference between the *r=1.0 and /r>1.0 cases shown in Figure 
6.19 confirms this change in global ordering, i.e. bicontinuous to water swollen reverse 
micelles.
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Figure 6.17: Water-water coordination number against separation in the concentrated simulation regime. 
Values are calculated from the pair distribution function of water moieties in the simulation.
Many particles are 
found at the centre 
of a ‘seam’.
Micellisation result in a relative 
increase in the proportion of particles 
at the interface.
Decreasing surfactant radius of curvature 
reduces the average number of particles in 
the micelles. Consequently, an even 
greater proportion of particles are found at 
the interface.
Figure 6.18: Schematic diagrams showing the effect of micellisation and decreasing micelle size on the 
proportion of water-like particles in the interfacial region.
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Figure 6.19: Oil-oil coordination number.
6.3.5: Cluster Analysis.
Since the simulations result in aggregated structures of water and surfactant, a useful 
analysis tool is to define the system in terms of component clusters of particles. The 
cluster may be defined in terms of a local connectivity criterion which is achieved by 
taking a sample particle, the ith particle, and calculating the separation between this 
particle and others in the same simulation cell, the j th particle. If particle j  passes the 
criterion,
ru ^  rci (6-6)
where rd is a critical separation value, particle j  is deemed to be in the same cluster. 
Any particles that are not in this cluster are used as ‘starter’ particles for new clusters. 
The cluster statistics can be quite sensitive to the choice of the critical separation value, 
rd, although values in the range 1.3 - 1.9 cr have the most physical significance.
Figure 6.20 shows the average number of water-like particles in the clusters identified 
during the analysis, < N ciuS> , for simulations C1-C5 as a function of rd. A cluster is
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defined an aggregate of the water-like moieties comprising more than one particle. For 
the simulation with k  =1, the average number of particles rises sharply to 1458 at a 
value of rct= 1.2. A value of <Ncius>=Nw+Ns=1458 is consistent with a continuous water 
phase with surfactant molecules adjacent to the water molecules. The choice of the 
critical separation value therefore should be above 1.2 (rc/>1.2 a0n) to provide a
realistic representation of the clusters. Simulations C2-C5 show a less striking increase 
with rci in the average number of particles in the clusters, where a value of rcf= 1.6 gave 
a description of the cluster consistent with what is seen in the pictures of the 
instantaneous configurations shown in Figures 6.7 to 6.9. The ‘stepped’ behaviour 
observed for the average cluster size, <Ncius>, when plotted against the critical 
separation value suggests a system of discrete closely packed micelles. As the critical 
separation value increases particles further apart can become part of the same cluster. If 
these discrete clusters then approach each other to within the critical separation value, 
they will be treated by the analysis as a single cluster, leading to a dramatic increase in 
the average cluster size at certain key values of rc/. Therefore the ‘steps’ in <Ncius(rci)> 
are a reflection of the merging of clusters.
Figure 6.21 shows the variation in the number of isolated particles, N isolated, with the 
variation of the critical separation value chosen in the cluster analysis. At low values of 
rci all particles are separate since they are unable to approach each other close enough to 
be in the same cluster. As rci increases, more particles pass the criterion of Eq. (6.6) and 
the number of isolated particles fall. At very high values of the critical separation, all 
particles become part of the same cluster. The value of rcf= 1.6 has very few isolated 
particles, consistent with the pictures of the final system configurations.
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Figure 6.20: A plot of the average number of water-like particles in a cluster against the critical 
separation value, rci, from which the cluster analysis was performed. Data for simulations C1-C5 are 
shown, for clusters comprising water and surfactant headgroups.
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Figure 6.21: A plot of the number of isolated water-like particles (including surfactant headgroups) as a 
function of the critical separation value, r c/.
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Table 6.5 summarises the results of the cluster analysis for the five concentrated 
simulations C1-C5 using rcf= 1.6 <joil for water particles and surfactant headgroups. 
Values for the number of isolated water particles, NiSOiated, the maximum number of 
particles in a single cluster, Nmax, the number of clusters with more than a single particle 
and the average number of particles per cluster, <Nciustet>, are shown. This table shows 
that as the size of the water particle decreases the number of isolated particles in the 
system increases and the maximum number of particles in a single cluster drops. This is 
consistent with observations made from the system structures shown in Figures 6.7 - 
6.9. The number of clusters rise as the bicontinuous structure of simulation Cl is 
broken up by a combination of reduced water volume and increasing curvature of the 
interface. The number of clusters for simulation C5 is anomolously low when 
compared to the previous simulations, which may be an artefact of the analysis of 
simulations C3 and C4, since no distinction is made between water particles and 
surfactant head groups. Hence an essentially random number of small micelles 
containing little or no water particles and only surfactant molecules are artificially 
increasing the average number of water swollen reverse micelles identified by the 
cluster analysis. This has a direct effect on the average number of water particles in the 
clusters for the simulations, which generally decrease but have an anomolously high 
value for simulation C5. What is clear, however, from this analysis is that simulation 
Cl shows evidence of a continuous network of water particles and surfactant molecules, 
and that there is disruption of this continuous structure by diminishing the size of the 
water particles. The a ~ = 1.0 case is the only one in which a percolating network of water 
molecules is formed.
Table 6.6 shows the results of the cluster analysis performed on simulations C1-C5 
including only free water particles and not the surfactant headgroups. All headings are 
the same as those applied in Table 6.5. As for the analysis of both water and surfactant 
headgroups, the number of isolated particles increases through simulations Cl to C5. 
The number of isolated particles is dramatically lower than previously, reflecting the 
fact that most water particles reside in either a continuous structure or a water-swollen 
micelle. This also corroborates the observation that the number of free surfactants 
increases as the k  decreases. The maximum number of particles in a single cluster 
generally decreases from simulation Cl to C5, with simulation C3 showing an 
anomolously low value. This value may be because micelles in simulations C4 and C5 
were in the process of merging (or splitting) when the cluster analysis was made. The
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likelihood of this occurring increases as the number of clusters increases and would, in 
effect, double the maximum number of particles in a single micelle. The number of 
clusters increases in a more reasonable way than in Table 6.5, corroborating the 
hypothesis that small clusters of surfactants were artificially increasing the number of 
water swollen reverse micelles that the analysis identified. The average number of 
particles in the clusters drops from containing all water molecules in simulation Cl 
( at= 1 .0 ) ,  reflecting the continuous water structure, to values (* r > 1 .0 )  which are 
probably more representative of the number of water swollen reverse micelles than 
those given in table 6.5.
K r cl t o  oil r cl / c r water N isolated Nm ax Number of 
Clusters
< 'Ncluster^
1.00 1.60 1.60 0.00 1458.00 1.00 1458.00
2.00 1.60 1.27 4.00 754.00 5.00 237.44
3.00 1.60 1.11 33.00 350.00 16.00 68.61
4.00 1.60 1.01 82.00 339.00 17.00 43.51
5.00 1.60 0.94 118.00 262.00 14.00 50.53
Table 6.5: Results of a cluster analysis performed on the water and surfactant headgroup particles in the 
final configuration of simulations C1-C5. Simulations Cl to C5 are distinguished by the oil particle 
volume to water particle volume ratio, k  (which increases along this series) respectively. The critical 
separation value, rd, is expressed in units of a0u and crWflter. The number of isolated particles, Nisoiate(j, the 
maximum number of particles in a cluster, Nmax, the number of clusters and the average number of 
particles in a cluster, <Nciuster>, are shown.
K r cl t o  oil r ci to water Nisolated Nm ax Number of 
Clusters
<*N ciustej~>
1.00 1.60 1.60 0.00 729.00 1.00 729.00
2.00 1.60 1.27 2.00 300.00 7.00 93.34
3.00 1.60 1.11 10.00 156.00 8.00 90.00
4.00 1.60 1.01 11.00 235.00 8.00 76.86
5.00 1.60 0.94 18.00 186.00 10.00 61.43
Table 6.6: Results of the cluster analysis performed on water in the final configuration of simulations Cl- 
C5. Otherwise as for Table 6.5.
Table 6.7 shows the results of the cluster analysis for simulations C1-C5 accounting for 
surfactant headgroups only. The number of isolated surfactants increases dramatically 
with decreasing water particle volume. This trend is more acute than for the analysis of 
both water particles and headgroups and the analysis of water particles only, consistent 
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with an increasing excess of surfactants compared with the available water surface. The 
maximum number of surfactants in a single cluster (called the aggregation number) 
decreases from simulations Cl to C5, from Nmax=Ns to Nmax=26. The low value of Nmax 
for simulation C5 does not appear consistent with either the maximum number of water 
molecules in a cluster for this simulation (see Table 6.6), or observations made with the 
snapshots of the final system configuration (see Figure 6.9). This may be due to the 
more disordered nature of the surfactants at the interface causing the cluster analysis to 
include only a fraction of the headgroups in a micelle. The number of the clusters 
calculated from the analysis does not show a consistent increase from simulation Cl to 
C5, possibly because free surfactants or small reverse micelles make an effectively 
random contribution to the analysis. The average number of surfactants in a cluster 
drops dramatically with decreasing water particle size, again due to a greater number of 
reverse micelles containing no water molecules.
K o' 2. r cl I®water A isolated Nm ax Number of 
Clusters
^ A cluster>
1.00 1.60 1.60 0.00 729.00 1.00 729.00
2.00 1.60 1.27 15.00 307.00 10.00 56.69
3.00 1.60 1.11 60.00 79.00 25.00 12.80
4.00 1.60 1.01 119.00 57.00 15.00 7.10
5.00 1.60 0.94 167.00 26.00 13.00 5.27
Table 6.7: Results of the cluster analysis performed on surfactant headgroup particles in the final 
configuration o f simulations C1-C5. Otherwise as for Table 6.5.
6.3.6: Discussion.
The concentrated systems show strong evidence of phase separation and self-assembly 
of the water and surfactants into mesoscopic structures. For the simulation where the 
water particles are the same size as the oil particles, a bicontinuous phase spontaneously 
forms, which is consistent with the ternary phase diagram for microemulsions shown in 
Figure 6.2. Surfactant layers separate into continuous ‘seams’ of water and oil. 
Decreasing the size of the water-like particles and surfactant head groups breaks up the 
bicontinuous structure to form discrete water swollen reverse micelles, and an 
increasing amount of free surfactants or waterless reverse micelles. This is due to a 
decrease in the total volume of the water moiety, making it more difficult for this 
species to form a continuous phase. Also a decrease in the radius of curvature of the
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surfactants promotes an increasingly curved interface, preventing the formation of the 
almost planar layer of surfactants formed at the interface in the bicontinuous structure. 
The reduction in the water particle volume results in a decrease in the total volume 
occupied by the water. This forces the system to behave in a way more typical of the oil 
rich portion of the ternary phase diagram, that is forming water swollen reverse micelles 
(see the next section).
The pair distribution functions gave further insights into this mesoscopic ordering. For 
the simulation where the oil and water particles were the same size, both gww{r) and 
g 00(r) are highly oscillating. This occurs even at long range, with a period of ~1 g 0u, 
superimposed on a curve with a minimum at ~5 <50n which is a plausible indicator of the 
bicontinuous phase. The minimum at ~5 <j0u would then be consistent with a layer 
structure (for both oil and water) with a thickness of about three particles, sandwiched 
between well coordinated monolayers of surfactants. This is consistent with the 
snapshot of the simulation at £=1000 (see Figure 6.22). Decreasing the water particle 
and surfactant headgroup sizes results in a loss of the oscillations in the pair distribution 
function at large separation, which suggests a water phase with no long-range structure. 
A minimum in g(r)  is still present at a separation that decreases with the decrease in 
water particle size. The value of this minimum should correspond to half the average 
centre-of-mass separation between the reverse micelles. As k  decreases, more micelles 
are formed and their average separation therefore decreased. A decrease in k  therefore 
caused a decrease in the minimum in the pair distribution functions.
A study of the radial dependant coordination number of the water-like moiety gave a 
value for the first coordination shell of ~10 for the simulation at equal water particle and 
oil particle sizes. This reflects the well-structured rigid nature of the water phase and 
surfactant head groups at the interface of the bicontinuous structure. The coordination 
number suddenly drops to less than 10 as the water particles are reduced in size and the 
structure becomes increasingly disordered. This is probably due to the increase in 
surface area to volume ratio with increasing /r, which causes an increasing proportion of 
the free water molecules to be at the interface and near the oil-like molecules.
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Figure 6.22: Snapshot of the final configuration for simulation Cl. The layer structure is highlighted to 
show a layer width of ca. 3 G0u.
The cluster analysis supports the observations already made. The simulation with equal 
water and oil particle sizes show a continuous structure of water and surfactant 
headgroups, as well as a continuous structure for the waters and surfactant headgroups 
separately. As the water particle size is decreased the bicontinuous structure becomes 
increasingly fragmented and water swollen reverse micelles are formed. The maximum 
cluster sizes and average cluster size decrease as the number of isolated particles and the 
number of clusters increase. The number of isolated particles increases most 
dramatically for the cluster analysis including only surfactant headgroup particles. This 
is consistent with the increasing appearance of free surfactant molecules and water-free 
reverse micelles. Despite the increase in the surface to volume ratio of the water-like 
moieties as micelles of decreasing size are formed, the total volume of the water-like 
fraction of the system is decreased as k is increased. This results in a smaller interface 
presented to the surfactant molecules, which in turn saturate this interface more rapidly, 
thus trapping a greater number of surfactant molecules in the bulk oil phase.
To summarise, the bicontinuous phase that is predicted by the ternary phase diagram is 
reproduced in these simulations when equal amounts of oil, water and surfactant are 
used, with constituent particles of the same size. As the water particles and surfactant 
headgroups decrease in size, it becomes more difficult for the system to sustain a 
continuous water phase. This is due to a decrease in the total volume of the water-like 
moieties, which makes a continuous water phase less facile, while the decreasing radius 
of curvature of the surfactant molecules promotes a curved interface and hence
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micellisation. This results in the break up of the bicontinuous phase and the formation 
of discrete water swollen and water-less reverse micelles. As the surfactant headgroups 
decrease in size the radius of curvature of the surfactants decreases promoting an 
increasingly curved interface. Increasing the curvature of the interface favours the 
formation of spherical reverse micellar structures.
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6.4 Dilute Systems.
6.4.1: Introduction.
This section deals with the results of simulations performed in the oil rich comer of the 
ternary phase diagram, which have been designated ‘dilute’ simulations. The ratio of 
oil, water and surfactant modelled at this point in the phase diagram roughly correspond 
to the ratio of oil and co-solvent, calcium salts and surfactant present in the synthesis of 
overbased detergents at the start of the reaction before the co-solvents have been 
removed. To aid the discussion of the results, the simulations will be referred to by an 
index scheme shown in Table 6.8.
Component Ratio N 0: N w: N
K 20:1:1 20:2:1 20:1:2
1.000 Dal Dbl Del
0.500 Da2 Db2 Dc2
0.333 Da3 Db3 Dc3
0.250 Da4 Db4 Dc4
0.200 Da5 Db5 Dc5
Table 6.8: Index scheme for ‘dilute’ simulations discussed in Section 6.4.
6.4.2: System Configurations.
Figure 6.24 shows snapshots of the final configuration for simulations Dal, Da3 and 
Da5. Oil particles have been omitted from the figure to clarify the self-assembled 
structures. Simulation Dal resulted in the formation of a single water swollen micelle 
(two groups of particles appear in the snapshot due to periodic boundary conditions). 
The aggregate appears spherical, with surfactant molecules evenly but sparsely 
distributed around the water core. Simulation Da3 results in the creation of two water- 
swollen micelles, as the radius of curvature of the surfactant was decreased and the 
curvature of the interface was increased. The greater curvature of the interface 
promoted the formation of smaller water swollen micelles. This process was continued 
in simulation Da5, with an increasing number of small micelles being formed. All 
simulations showed the self-assembly of water and surfactant molecules into water 
swollen reverse micelles consistent with the position of the simulation composition on 
the ternary phase diagram.
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Figure 6.25 shows the final configuration for simulations Dbl, Db3 and Db5. In this 
series of simulations, the number of water molecules was doubled and the number of 
surfactant molecules kept the same as for simulation series Da. Simulation Dbl again 
shows a single water-swollen reverse micelle. However, the micelle is larger than that 
seen in simulation Dal and the surfactant molecules much more sparsely distributed as 
they are attempting to cover a greater surface area of water. The figure from simulation 
Db3 also shows a single micelle, however the surfactants are more densely packed at 
the interface. This is presumably due to the decreased volume of the water moieties 
presenting a smaller surface area to the surfactants, which can then pack more closely. 
Simulation Db5 results in the formation of multiple micelles, and a proportion of free 
surfactants. This may be explained as an extension of the trend observed for simulation 
Db3, with the decrease in the surface area of the water phase being greater than the 
decrease in area of interface the surfactant is able to cover. This results in an excess of 
surfactant that can be released to the bulk oil.
Figure 6.26 shows the final configuration adopted by simulations Del, Dc3 and Dc5. 
This series of simulations has twice the number of surfactant molecules and the same 
number of water molecules as in simulation series Da. Simulation Del shows the 
formation of a continuous ‘tube’ like structure of water surrounded by surfactants 
running across the periodic boundaries of the simulation. This is a rod-shaped micelle, 
which are observed experimentally. This is clearly a phase quite different from the 
water swollen reverse micellar phase and may have been promoted by the periodic 
boundary conditions. When no periodic boundary conditions are applied {i.e. the real 
system), the ends of the rod-shaped micelle need to be covered to reduce water-oil 
contact. This ‘end capping’ process is illustrated in Figure 6.23. System Dc3 results in 
a break up of the ‘tubular’ structure seen in simulation Del, into a mixture of water 
swollen reverse micelles and reverse micelles comprising only surfactants. This may 
again be due to a surface ‘excess’ of surfactant molecules required to cover the water 
particles. The formation of the micellar species is due to the increasingly curved 
interface brought about by the decrease in the radius of curvature of the surfactant. This 
process continues for system Dc5, with more numerous but smaller water swollen 
reverse micelles being formed.
The snapshots have shown the self-assembly of the water and surfactant molecules into 
two experimentally observed structures. Most simulations result in the formation of
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water swollen reverse micelles, whilst simulation Del shows a ‘tubular’ configuration 
of water and surfactants, consistent with rod-shaped micelles. Apart from simulation 
Del, the structures occurring in the simulations are those expected from the positions in 
the ternary phase diagram.
Periodic Boundary Conditions
i  +
!
I . .  - i
Centre of ‘tube’ structure
Without Periodic Boundary Conditions, the ‘tube’ structure 
needs to be ‘end capped’ so that the interface is completely 
covered. This structure is seen experimentally.
Figure 6.23: Schematic diagram illustrating the necessity of an ‘end capped’ configuration to the ‘tube’ 
structure without periodic boundary conditions. This type of rod-shaped micelle has been observed 
experimentally.
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X- = 1 .0
k =3.0
k =5.0
Figure 6.24: Final system configurations adopted by the species in simulations Dal, Da3 and Da5. 
White spheres depict the water particles, surfactant headgroups by blue spheres and surfactant tails by red 
spheres. Oil particles have been omitted from the snapshots to clarify the self-assembled structures.
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K  = 1 .0
k  =3.0
AT =5.0
Figure 6.25: Final system configurations adopted by simulations Dbl, Db3 and Db5. See Figure 6.24 for 
a description of the particles in the diagram.
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K  =1.0
k =3.0
k  =5.0
Figure 6.26: Snapshots of the final configurations adopted by simulations Del, Dc3 and Dc5. See Figure 
6.24 for a description of the particles in the diagram.
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6.4.3: Cluster Analysis.
In this section a detailed analysis of the clusters is presented in the dilute systems. 
Table 6.9 shows the results of the cluster analysis described in Section 6.2.5 when 
applied to the water and surfactant headgroup moieties in all simulations performed in 
the oil rich portion of the microemulsion ternary phase diagram (see Figure 6.2). For 
simulation series Da (with a ratio of oil to water to surfactant of 20:1:1) very few 
isolated water-like particles are observed in the final system configuration. The 
maximum number of particles in a cluster generally decreased with increasing /r, with 
an inconsistently high value for simulation Da3. The number of clusters identified by 
the analysis increased from simulation Dal to Da5, with an inconsistent value again 
observed for simulation Da3. This may be indicative of the merging or splitting of two 
micelles at the point in the simulation at which the analysis was performed. In this case 
there would appear to be two clusters, when there are actually three, and the maximum 
number of particles in a cluster would also be larger than expected. The average 
number of particles in the clusters identified at the end of the simulations drops as the 
value of k increases, with simulation Da3 showing an anomolously high value.
These observations are consistent with a decreasing radius of curvature, R5, promoting 
the formation of an increasingly curved interface. To accommodate a larger curvature, 
the reverse micellar aggregates must become smaller. Consequently, the volume of 
water the micelles are able to contain will also decrease and, despite a lower volume of 
water particles as at increases, the large micelles break up into smaller micelles. Clearly 
the volume of water that individual micelles are able to hold decreases more rapidly 
than the total volume of water in the system as amoves to higher values.
The cluster statistics of simulation series Db (with an oil:water:surfactant ratio of 
20:2:1) is different to that of simulation series Da (20:1:1). Simulations Dbl to Db3 
show no change in the number of isolated particles, the maximum and average number 
of particles per cluster and the number of clusters as a:  increases. This is consistent with 
all three simulations exhibiting only one micelle. Changing the volume of the water 
particles and the radius of curvature of the surfactants should have the same effect as 
seen in simulation series Da. The reason for this discrepancy is possibly due to the 
limited system size (i.e. the total number of particles in the simulation) imposed by the 
available computer power. In an extremely large system, the presence of many micelles 
of an optimum size would be expected. However, simulations Dbl to Db3 are not able
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to achieve this optimum, since there are not enough water and surfactant components to 
achieve this. The result is a single cluster of water covered by surfactant molecules that 
sparsely cover the cluster. This is supported by evidence from Figure 6.25, which 
clearly shows the poorly covered water ‘core’ for simulation Dbl. As k increases, the 
optimum micellar size decreases due to a smaller radius of curvature. Looking at Figure 
6.25 again, by /t=3.0 the surfactants are quite clearly packed more closely at the 
interface when compared to the at =1.0 case. However, there is still only one micelle 
formed during the simulation and hence there is no guarantee that an optimal structure 
has been achieved for the given thermodynamic conditions. As k  increases to 4.0 and
5.0 the results of the cluster analysis are quite different. Isolated particles (presumably 
surfactant molecules) had appeared, indicating the water interface had become saturated 
and domain growth had ceased. Multiple clusters are also observed, although for both 
simulation Db4 and Db5 the number of particles in the two clusters formed during each 
simulation are very different. This is perhaps indicative of a single micelle with the 
optimum size and a further micelle composed of the ‘spare’ water and surfactant 
particles.
The results of the cluster analysis for all water-like particles in series Dc (with an oil to 
water to surfactant ratio of 20:1:2) are also shown in Table 6.9. The trends observed for 
this series are the same as those that are observed for series Da. The number of isolated 
particles and the number of clusters in the simulation increased with increasing at while 
the maximum and average number of particles in each cluster decreased. Simulation 
Del resulted in a continuous ‘tube’ like structure, whilst Dc2 exhibited interconnected 
pockets of water covered by surfactants. This would account for the high values of the 
maximum and average number of particles in this cluster when compared to those 
produced by simulations at lower at values. For simulations Dc3 to Dc5 an increasing 
number of discrete water-swollen micelles of progressively decreasing size were 
observed. Since there were multiple clusters formed during these simulations, it could 
be argued that these clusters are of an optimal size. The behaviour of these simulations 
is again consistent with the consequences of a decreasing radius of curvature for the 
surfactants promoting smaller micelles. This factor probably has a more pronounced 
effect on the number of particles in a micelle as at goes from 1.0 to 5.0, than the 
decreasing volume of the water particles.
Table 6.10 shows the results of the cluster analysis applied to the water particles, while 
ignoring the surfactant headgroups, in series Da, Db and Dc. The trends and 
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observations from the cluster analysis on all water-like particles are the same. The 
discrepancy observed in simulation Da3 is once again present, supporting the idea that 
the micelles are the process of splitting or merging, or in some kind of transition regime. 
Table 6.11 shows the results of the cluster analysis when applied to the surfactant 
headgroup particles in the simulations. These results broadly support the observations 
already made. However, there are generally a greater number of isolated surfactants 
than there are isolated water molecules. This is perhaps not surprising as the surfactants 
occupy a single layer at the interface between the water and oil particles and are hence 
more likely to be neglected in the cluster analysis. It is also more likely that surfactants 
will be found in the bulk oil phase once the interface has been saturated. This would 
explain why simulations where the interface was sparsely populated by surfactants 
(those with a single micelle, Dal, Dbl, Db2 and Db3) have very few isolated 
surfactants in the bulk oil.
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Simulation
index
K rcl/&water i^solated Nmax Number of 
Clusters
^Nduster'*
Dal 1.00 1.60 0.00 256.00 1.00 256.00
Da2 2.00 1.27 0.00 177.00 2.00 128.00
Da3 3.00 1.11 0.00 209.00 2.00 128.00
Da4 4.00 1.01 2.00 142.00 4.00 42.50
Da5 5.00 0.94 1.00 131.00 5.00 27.44
Dbl 1.00 1.60 0.00 384.00 1.00 384.00
Db2 2.00 1.27 0.00 384.00 1.00 384.00
Db3 3.00 1.11 0.00 384.00 1.00 384.00
Db4 4.00 1.01 3.00 354.00 2.00 76.40
Db5 5.00 0.94 12.00 347.00 2.00 17.33
Del 1.00 1.60 0.00 384.00 1.00 384.00
Dc2 2.00 1.27 0.00 227.00 2.00 192.00
Dc3 3.00 1.11 2.00 104.00 5.00 54.71
Dc4 4.00 1.01 4.00 79.00 12.00 22.29
Dc5 5.00 0.94 14.00 88.00 13.00 11.93
Table 6.9: Results of the cluster analysis described in Section 6.2.5 applied to water and surfactant 
headgroup particles in the dilute simulation series. The simulation index refers to the notation used to 
describe the simulations in Table 6.8. The critical separation value (rcf= 1.6 g0h) is expressed in units of 
Gwater- The number of isolated particles, Nisoiated, the maximum number of particles in a cluster, Nmax, the 
number of clusters and the average number of particles in a cluster, <Nciuster>, are shown.
Simulation
index
K rd / Gwater Nisoiated Nmax Number of 
Clusters
"^ Nduster'*
Dal 1.00 1.60 0.00 128.00 1.00 128.00
Da2 2.00 1.27 0.00 89.00 2.00 64.00
Da3 3.00 1.11 0.00 104.00 2.00 64.00
Da4 4.00 1.01 0.00 79.00 2.00 64.00
Da5 5.00 0.94 1.00 75.00 2.00 42.67
Dbl 1.00 1.60 0.00 256.00 1.00 256.00
Db2 2.00 1.27 0.00 256.00 1.00 256.00
Db3 3.00 1.11 0.00 256.00 1.00 256.00
Db4 4.00 1.01 0.00 251.00 3.00 85.33
Db5 5.00 0.94 1.00 255.00 1.00 128.00
Del 1.00 1.60 0.00 128.00 1.00 128.00
Dc2 2.00 1.27 0.00 54.00 4.00 32.00
Dc3 3.00 1.11 4.00 33.00 6.00 12.50
Dc4 4.00 1.01 3.00 34.00 7.00 12.60
Dc5 5.00 0.94 3.00 39.00 3.00 12.86
Table 6.10: Results of cluster analysis described in Section 6.2.5 applied to water particles (ignoring 
surfactant headgroup moieties) in the dilute simulation series. See the legend to Table 6.9 for a 
description of the table headings.
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Simulation
index
K rd f& w a te r Nisoiated Nm ax Number of 
Clusters
"^N - luster^
Dal 1.00 1.60 0.00 128.00 1.00 128.00
Da2 2.00 1.27 0.00 88.00 3.00 42.67
Da3 3.00 1.11 2.00 105.00 5.00 13.56
Da4 4.00 1.01 7.00 52.00 8.00 7.50
Da5 5.00 0.94 5.00 27.00 8.00 4.70
Dbl 1.00 1.60 0.00 128.00 1.00 128.00
Db2 2.00 1.27 2.00 112.00 4.00 21.17
Db3 3.00 1.11 2.00 110.00 4.00 21.17
Db4 4.00 1.01 12.00 24.00 9.00 2.17
Db5 5.00 0.94 36.00 16.00 5.00 0.55
Del 1.00 1.60 0.00 256.00 1.00 256.00
Dc2 2.00 1.27 0.00 143.00 2.00 128.00
Dc3 3.00 1.11 4.00 57.00 7.00 19.00
Dc4 4.00 1.01 12.00 43.00 14.00 8.57
Dc5 5.00 0.94 21.00 21.00 12.00 1.91
Table 6.11: Results of cluster analysis described in Section 6.2.5 applied to surfactant headgroup 
particles (ignoring water moieties) in the dilute simulation series. See the legend to Table 6.9 for a 
description of the table headings.
6.4.4: Pair Distribution Functions.
Figure 6.27 shows the pair distribution functions of the water particles, gww{r), for 
simulations the ‘dilute’ simulations Dal to Da5. These functions are plotted against 
separation in units of water particle diameters, <ywater, to highlight the short-range 
coordination characteristic of the water-like species. The first coordination peak 
becomes more pronounced with decreasing /r , reflecting much greater local water 
density compared to the total water particles number density and is brought about by 
smaller water particles. All simulations in this series resulted in a second and third 
coordination peak, which is inconsistent with the normal behaviour of liquid water, 
where two peaks are usually observed. The pressure in the micelles is larger then in the 
bulk. This is possibly a consequence of incomplete shielding of the repulsive 
interaction between water and oil moieties by the surfactant molecules, or an increase in 
pressure observed on the concave side of the interface indicated by Laplace’s equation,
Pu,=Pou,+—  (6-7)r
where / i s  the interfacial tension and r is the radius of the sphere. The third 
coordination peak becomes broader from simulation Dal to Da5. This may be due to a
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fractional increase in the bulk free volume of the simulation, as all the water-like 
particles become smaller. The greater free volume will reduce the pressure in the 
system, resulting in a broader third coordination peak. At longer range, the pair 
distribution function falls below unity, as would be expected because the water 
molecules are not uniformly distributed throughout the simulation cell but collect in 
discrete water swollen reverse micelles. This also explains the very high values for the 
peaks (typical liquid state first peaks are ca. 4-3 in height).
Figures 6.28 and 6.29 show the pair distribution function between water particles 
(including surfactant head groups) for simulation series Db (water rich) and Dc 
(surfactant rich) respectively. The pair distribution functions for these simulations show 
broadly the same features as gw M  observed in simulation series Da. The simulations 
produce a first second and third coordination peak. The first coordination peak becomes 
sharper as the water particles and surfactant headgroups become smaller and local 
number density is increased. The peak associated with the third coordination shell 
becomes broader with diminishing water particle size, presumably due to a fractional 
increase in the volume available to the particles and a subsequent relaxation of the 
system. Once again, however, the presence of a third coordination peak would suggest 
a higher than expected system pressure.
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Figure 6.27: Pair distribution function calculated for water particles and surfactant headgroups for 
simulations Dal - Da5.
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Figure 6.28: Pair distribution function calculated for water particles and surfactant headgroups for
simulations Dbl - Db5.
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Figure 6.29: Pair distribution function calculated for water particles and surfactant headgroups for 
simulations Del - Dc5.
Figures 6.30 to 6.32 show the long-range behaviour of the pair distribution functions for 
series Da, Db and Dc. These are plotted against separation in units of the oil particle 
diameter, <joii, allowing a better appraisal of the mid-range intermicellar structure to be 
made. Series Da exhibits a gww(r) that tends to values below that expected for a 
distribution of particles of uniform density, consistent with the formation of discrete 
water swollen reverse micelles formed during the simulations and therefore an overall 
non-uniform distribution of water molecules in the system. As the water particles and 
surfactant headgroups become smaller, the long-range behaviour of the pair distribution 
function begins to show an increasingly distinct minimum at lower separations before 
levelling out at a value below unity. Simulation Dal, however, does not exhibit a 
minimum but rather decreases monotonically. Referring to the cluster analysis given in 
Table 6.9, the simulations that exhibit the increasingly distinct minimum (Da2 - Da5) 
also have multiple clusters in the simulation cell, whereas the simulation with a single 
micelle (Dal) does not. This behaviour with increasing k  may be caused by the 
increase in the number of micelles, which also become smaller and on average closer 
together, with a value for the minimum in gww(r) corresponding to half the average 
separation of the centre of these micelles. Simulation Dal does not exhibit a minimum
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since only one micelle was formed; hence gww(r) does not increase at long range with 
interactions from other micelles.
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Figure 6.30: Pair distribution function for water particles for all simulations in series Da. The plot 
focuses on the portion of the pair distribution function beyond three oil diameters.
The water-rich series, Db, has gwwir) that show similar behaviour to those from series 
Da at long-range (see Figure 6.31). The minimum corresponding to half the centre of 
mass separation of the micelles either does not exist or is at too large values of r beyond 
the box dimension, arising from larger micelles. This results in the formation of either 
single micelles (simulations Dbl-Db3 (see Table 6.9)) or pairs of micelles (simulations 
Db4 and Db5), that are not monodisperse and comprise of a single large micelle and a 
further small micelle. Consequently, values for the pair distribution function at long- 
range fall well below that expected for a distribution of particles of uniform density. 
This is consistent with observations made from the cluster analysis.
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Figure 6.31: Pair distribution function for water particles for all simulations in series Db. The plot 
focuses on the portion of the pair distribution function beyond three oil diameters.
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Figure 6.32: Pair distribution function for water particles for all simulations in series Dc. The plot 
focuses on the portion of the pair distribution function beyond three oil diameters.
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Figure 6.32 shows the long-range behaviour of gww{r) for the surfactant-rich simulation 
series Dc. This simulation series results in pair distribution functions that are quite 
different at large separation when compared to those produced by simulation series Da 
and Db. The gww(r) at long-range tends to a value more consistent with uniformly dense 
particles. This is presumably due to the surfactant ‘excess’ in this simulation promoting 
the formation of either more uniformly distributed smaller micelles (simulations Dc2- 
Dc5) or rod-shaped micelles (simulation Del) which crosses through the simulation 
cell.
Figure 6.33 shows the pair distribution function calculated from water and surfactant 
headgroup particles, g 0 0 (r), in simulation series Da. Simulation series Db and Dc also 
gave very similar results for g00(r). The oil-like particles show more structure at a 
longer range when compared to the water particles. The pair distribution function 
exhibits a fourth and fifth coordination shell, which is inconsistent with a liquid oil 
phase. The presence of these coordination peaks at long range would suggest that the 
simulations are at a high pressure. The origin of this high pressure may be the 
incomplete or poor screening of the repulsive interaction between water and oil moieties 
by the surfactants. This being the case, the simulations exhibiting sparsely distributed 
surfactants at the interface would be most affected. These simulations are generally 
those with low /rvalues (see Figures 6.24). To support this, there is a slight relaxation 
of the longer-range coordination peaks as k  increases, suggesting that screening of the 
repulsive interaction between oil and water moieties by the surfactants is more 
complete. However, this may also be due to the fractional increase in the free volume 
of the simulation as the water-like moieties decrease in size. Both the water-rich and 
surfactant-rich simulations in the dilute regime, series Db and Dc, show similar 
behaviour to simulation series Da.
The concentrated simulation series (see Section 6.3), C, do not exhibit the same long- 
range order in the oil-like pair distribution function g 0 0 {r). This may be due to the 
greater free volume in the simulation arising from the decrease in size of (a great 
number of) water-like particles. Simulation C l, where **=1.0, does show long range 
order. However, whether this is due to a high pressure in the simulation or it arises 
from the bicontinuous structure evolved during the simulation, is not known.
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Figure 6.33: Pair distribution function for oil and surfactant tail particles in simulation series Da.
6.4.5: Micelle Size and Shape.
In this section a detailed analysis of the cluster size and an appraisal of the average 
micellar shape is made. The radius of the clusters observed in the simulations is 
compared with previous literature theoretical models. The variation of the shape of a 
single micelle with time is presented.
To analyse the size of the micelles formed during a simulation, a procedure for 
averaging the size of the micelles found at each timestep and over many timesteps was 
required. To do this a combination of the cluster analysis described in Section 6.2.5 and 
a two-dimensional interpolation of the surfactant radial distance from the centre of mass 
of the micelle onto a grid of the spherical angular coordinates was used. The micelles in 
the simulation cell are identified using the cluster analysis. These are then used to 
construct an average size and shape for the micelles in a simulation. Figure 6.34 shows 
the initial step by which this is achieved. The centre of mass of the particles in the 
micelle is defined as the centre of the micelle. The position of the surfactant head and 
tail are then calculated and expressed in terms of spherical coordinates from the defined 
centre. Hence, for a single micelle at a single point in time the heads and tails of the 
surfactants will be at a radius R/, (and R, for surfactant tails) and spherical angular 
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coordinates of Oh (0t for tails) and $4 ($  for tails). To find an average shape and size 
for the micelle, a means of combining the points calculated from different micelles (or 
the same micelle at different times) is required. This is achieved by employing a 
bicubic scattered data interpolation procedure to find an average surface for the micelles 
formed during a simulation [32]. The scattered data points are used to train a ‘control 
lattice’ in the angular components of the spherical coordinates (Figure 6.35), #and (f, by 
using a multilevel adaptive B-spline interpolation algorithm [32]. From the control grid 
an accurate description of the radial component of the spherical coordinates may be 
found for any point using the angular components and the control grid. This allows 
regular points on the surface of the roughly spherical micelles to be evaluated and 
averaged over all micelles in the simulation cells over all timesteps sampled. Details of 
the interpolation algorithm may be found in reference [32].
Surfactant heads . _____
Surfactant tails.
Centre of mass 
of water particles 
in a cluster. —
Water swollen 
micellar core.
Figure 6.34: Diagram showing the initial treatment of a single micelle in the cluster size analysis. The 
radial components of the spherical coordinates used to describe the headgroups and tails of the surfactants 
are shown as R/* and R/ respectively. The angular components of these species from the centre of mass 
are not shown.
The simulations were carried out for a further time interval of t=25 and the positions of 
the water particles and surfactants archived at time intervals of t=\ during the extended 
simulation. The trajectory file was then analysed at each point in the following manner:
1. A cluster analysis was performed to identify each micelle present in the archived 
system snapshot.
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2. The centre of mass was calculated for each micelle, and the spherical coordinates of 
each surfactant relative to the centre of mass were found.
3. A B-spline interpolation routine was then employed for each micelle to find the 
radial component of the spherical coordinates, for surfactant heads and tails, at equal 
intervals of the angular components.
4. An average size and shape for the micelles present at that timestep was then 
calculated by averaging the value of the radial coordinates at the angular coordinates 
chosen for each micelle.
5. This process was repeated for each archived timestep and an overall average of the 
position of the surfactant heads and tails obtained at regular angular intervals.
The error in the radial coordinate at each angular coordinate was calculated as the
standard deviation in the values used to evaluate that point.
Control lattice, 
regularly partitioned 
 t in 0  and (j.
Scattered data 
point from micelle 
(RhA M  or (R„^,4)
9
►
Figure 6.35: Diagram showing scattered data points used to train the control lattice in the spherical 
coordinates <9 and (f>.
Figure 6.36 shows a graphical representation of the cluster size analysis for simulation 
series Da. The average size and shape of all micelles present in the simulations are 
represented by two cages, an outer cage corresponding to the surfactant tails (red in the 
figure) and an inner cage showing the surfactant headgroups (blue). The structures are 
labelled a) - e) with decreasing water particle and surfactant headgroup size.
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Figure 6.36: A grid representation of the average relative shapes and sizes of the micelles present in 
simulation series Da. The outer red grid shows the position of the surfactant tails and the inner blue grid 
shows the position of the surfactant headgroups. Simulation Dal to Da5 are labelled a) to e) respectively.
From a) to e) we see a steady decrease in the size of the water-swollen micelles as the 
water particles decrease in size and the radius of curvature of the surfactants decreases. 
The shapes of the micelles are generally spherical, with simulation Da3 (see c) in Figure 
6.36) showing quite a large distortion. This is due to micelles in the simulation splitting 
or merging, resulting in a ‘bulge’ where the micelles are in contact. This is consistent 
with observations made from the cluster analysis. Simulation Da4 and Da5 (see d) and 
e) in Figure 6.36) show the most spherical micelles. This is likely to be the result of
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averaging the particle shape over many micelles in the simulation. However, the size of 
the average micelle appears consistent with pictures of the system configurations. 
Simulations Dal and Da2 (see a) and b) in Figure 6.36) show the most representative 
description of the micellar species present since only one micelle was formed during 
these simulations. The shapes shown in Figure 6.36 are the average of the micelles over 
time. The time scale over which data was collected was not long enough to see the 
time-averaged spherical shape of the micelle.
Figure 6.37 shows the results of this analysis applied to simulation series Db. The 
average micellar size decreases from Dbl to Db5 (see a) to e) in Figure 6.37) on 
decreasing water particle size and surfactant radius of curvature. All simulations 
showed the formation of approximately spherical clusters. However there were greater 
distortions from spherical symmetry in the micelles found during simulation series Da. 
This is possibly due to the greater volume of water compared to surfactant allowing the 
formation of fewer but larger micelles. The reduced number of micelles resulted in the 
average shape not being spherical. The overall sizes of the structures formed were 
larger in the Db series than the Da series, again due to an increase in the water particle 
surfactant ratio in the simulation.
Figure 6.38 shows the results of the cluster size and shape analysis applied to surfactant- 
rich dilute simulation series Dc, with No:Nw:Ns=20:l:2. This set of simulations did not 
always result in discrete water swollen micelles. Figure 6.26 shows simulation Del 
which resulted in a continuous ‘tube’ structure running across the periodic boundaries of 
the simulation and simulation Dc2 resulted in interconnected pockets of water and 
surfactant. This deviation from spherical micelles invalidated the current analysis.
330
V nW ffiTB lllilT  I M f j i f  li
Figure 6.37: A grid representation of the average relative shapes and sizes of the micelles present in 
simulation series Db. The outer red grid shows the position of the surfactant tails and the inner blue grid 
shows the position of the surfactant headgroups. Simulation Dbl to Db5 are labelled a) to e) respectively.
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Figure 6.38: A grid representation of the average relative shapes and sizes of the micelles present in 
simulation series Dc. The outer red grid shows the position of the surfactant tails and the inner blue grid 
shows the position of the surfactant headgroups. Simulations Dc3 to Dc5 are labelled a) to c) 
respectively, whilst simulations Del and Dc2 are not shown since no micellar species were formed in the 
simulation.
The simulations that did result in micelles, Dc3, Dc4 and Dc5 are shown in a), b) and c) 
of figure 6.38 respectively. All show the formation of spherical species, however the 
size of the micelles does not appear to change appreciably with diminishing water 
particle size and surfactant radius of curvature. The reason for this is not clear, however 
it may have been an artefact of the merging (or splitting) of micellar species, while the
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overall shape of the aggregates was actually spherical. This is due to a large number of 
micelles brought about by the ‘excess’ of surfactant in this series of simulations.
J  JPfllNiff jr ijai i
*=1000
Figure 6.39: A grid representation of the average relative shapes and sizes of the micelles present in 
simulation Dal. The outer red grid shows the position of the surfactant tails and the inner blue grid 
shows the position of the surfactant headgroups. Micellar shapes are averaged over time intervals of 
t=  0.5, 5, 10, 25 and 50.
What is clear from Figures 6.36 to 6.38 is that although the micelles are roughly 
spherical, they are not truly spherical when averaged over the time interval used (t=25). 
To asses the shape of the micelles over a much longer time, simulation Dal was
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repeated for a further time period of /=1000. The positions of the surfactants were 
archived at time intervals of 0.5 and cluster size and shape analysis performed averaging 
over intervals of t=0.5, 5, 25, 50 and 1000. Figure 6.39 shows the average shapes for 
this simulation at the time intervals stated. At t= 0.5 the micelle had a very uneven 
surface, perhaps due to individual micelles at the interface. At t= 5, the surface of the 
micelle was smoother with little indication of individual surfactants. However, the 
overall shape was irregular and not particularly spherical. At time intervals of t=25 and 
/=50 the surface of the micelle had now become more uniform as the positions of 
individual surfactants were averaged to the form surface. Although more spherical, they 
still have large bulbous areas and flat areas on the surface. At very long time, /=1000, 
the shape of the micelle has been averaged to very close to spherical. The surface of the 
shape is now very smooth and symmetrical.
Although the grid representation of the surface of the micelle present in simulation Dal 
gives a good impression of the shape of the micelles (and also the manner in which the 
surface of the micelle changes over time) a means of quantitatively measuring the shape 
of the micelle was sought. The Method adopted was to calculate the asphericity order 
parameter, A 3 , of Rudnick and Gaspari [33],
(6.8)
where < ...>  denotes an ensemble average and At are the three principle moments of 
inertia of the surfactant tailgroups in the micelle. The principle moments of inertia are 
obtained by diagonalisation of the inertia tensor, T,
£m,(7f - C j r f  -rJL)
T+ = ^  sr-----------------  (6-9)
E mi
i=l
where Ns is the number of surfactant tail particles in the micelle, a  and J3 are x, y  or z 
and nii is the mass of the ith tail particle (mr=1.0). The a  component of the position 
vector of particle i is r “ , and r^ om is the a  component of the centre of mass of the
micelle. ^ 3 = 0  for a perfect sphere, 1/4 for a uniform, infinitely thin, circular disk and
1.0 for an infinitely thin rod.
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Figure 6.40 follows the asphericity order parameter, A 3 , for simulation Dal over a time 
interval of /=1000. The micelle was generally spherical as the asphericity order 
parameter fluctuated around a low value of -0.015 and did not rise above a value of 
-0.075 at any point during the extended simulation. Distortions in the shape of the 
micelle occured over relatively short time intervals, which show up as peaks in the plot 
of A 3  against time. These peaks probably correspond to the spherical micelles being 
distorted into oblate spheroids, since values approaching 1/4 correspond to an infinitely 
thin circular disc.
0.08 
0.07 
0.06 
0.05 
S  0.04m
0.03
0.02 
0.01
0
0 100 200 300 400 500 600 700 800 900 1000
t
Figure 6.40: Time dependant behaviour of the asphericity order parameter, A3, for the single micelle 
observed in the dilute simulation D al.
To assess the average shape of the micelle, one procedure would have been to have 
calculated the time-accumulated average of the asphericity order parameter, A3 . 
However, this would not necessarily have given an accurate description of the average 
shape, since anisotropic deformations of the micelle would be disregarded, as the inertia 
tensor, T, is diagonalised. A more accurate representation of the accumulated average 
shape is to calculate the time averaged inertia tensor, <Tap>, and using this ‘average’ 
tensor to calculate the ‘average’ principle moments of inertia. An accumulated average 
of the asphericity order parameter could then be expressed as,
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tLim-Ml,
A ^ i,)\ t )  = ^ - r ----------- - z - L  (6.10)Jitm
1=1
where <Ai{t)> is the average of the principle moments of inertia over time t, calculated 
by diagonalisation of the inertia tensor, <Ta^ t)>, averaged over time t. Figure 6.41 
shows the accumulated average asphericity order parameter, as calculated from Eq. 
(6.10), against time. The plot shows that the order parameter starts at the same value as 
the instantaneously calculated value, A 3 , and then decreases to eventually reach a value 
of ~0.0005. This is consistent with an average micellar shape that is very close to 
spherical. The average value of the instantaneous asphericity order parameter (as 
shown in Figure 6.40) is 0.02 ±0.01, which possibly corresponds to the average 
isotropic shape. Since the value calculated from the time averaged inertia tensor is so 
much lower, deformation of the micelle proves to be highly anisotropic.
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Figure 6.41: Time dependant behaviour of the asphericity order parameter, A3<Taj&>(t), calculated from the 
accumulated average of the inertia tensor, for the single micelle observed in the dilute simulation D al.
6.4.6: Comparison of Cluster Size Analysis with Theory.
It has been shown for microemulsions in the micellar regime that the radius of the 
micelles, R , that self-assemble in the system is determined by the ratio of the 
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concentration of surfactant, [surfactant] to dispersed phase, [H2O], the projected area of 
the headgroup of the surfactant on the inside of the micelle, asurf, and the volume of the 
dispersed phase molecules, VdiSp [34]. It is found to a good approximation,
R J v *sp [H20] (611)
aSUrf [surfactant]
where R defines the radius of the micellar core shown in Figure 6.42. The derivation of 
this formula is as follows. The volume of the core, Vcore, is given by,
Vm = N arvS r =Ajdl3/3 (6.12)
where NdiSp is the number of dispersed phase molecules in the core. The surface area of 
the core is given by,
A core =  =  4 ^ 2 (6 -1 3 )
Combining Eqs. (6.12) and (6.13) gives,
^ c o re  N d is p ^ d is p  R
c^ore ^surf ^ surf 3
which upon rearrangement gives,
  3 ^  disp ^  disp
(6.14)
yN,u* (6.i5)
3 [H2Q]
asurf [surfactant]
where water is the dispersed phase and the water molecules and surfactant molecules 
are assumed to exist only in micelles of the same size. The first form of Eq. (6.15) 
allows us to test the simulation against this theory since the number of water and 
surfactant molecules are known and the volume of the dispersed water phase and the 
area of the surfactant molecules can be calculated.
The effective volume occupied by the dispersed water particles is approximately,
^ , P = —  (6-16)
Vrcp
where t j r c p  =0.637 is the volume fraction for dense random packing of hard spheres 
[35] and vwater is the volume of the water molecules,
Vwater ~  ! r a taK r ^  (6-17)
Similarly, the effective area covered by a single surfactant is,
where %rcp=0.820 [36] is the area fraction for random close packing of hard discs (two 
dimensions) and ahead is the area of the surfactant behind the head group (see Figure 
6.43).
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Figure 6.42: Schematic diagram of the model used to derive Eq. (6.15). The radius of the micellar core is 
R, the volume of the core Vcore, the surface area of the micellar core Acore, the area covered by the 
surfactant ,4 ^  and the length of the surfactant tail lsurf.
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Figure 6.43: Schematic diagram showing the circular area behind the headgroup of the surfactant, ahead, 
projected onto the surface of the micellar core.
Table 6.12 shows the relevant values of the constants required to calculate a theoretical 
micelle size from Eq. 6.13. Figures 6.44, 6.45 and 6.46 show a comparison of the 
observed average micellar radius, R 0bs, and the theoretical average micellar radius, R caic, 
from Eq. 6.13. The observed micellar radius, R0bs, was taken from the average
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surfactant tail positions calculated in Section 6.4.5, minus the distance between the 
centre of the tailgroup particle and the ‘back’ of the headgroup,
R 0bs =  R-tail ~ h  + / 2 (6.19)
where Rtan is the average radial distance of the surfactant tail particle from the centre of 
mass of the micelle, h  is the bond length and aw is the diameter of the water-like moiety 
of the surfactant. The line y=x is shown on all plots. As can be seen from the graphs, 
the fit between theory and observed values is very poor for all simulations. In most 
cases the theoretical value of the average micellar radius is underestimated by as much 
as a factor of four or greater.
K r0n Veil Ywater Vwater Qhead hail
1.00 0.500 0.524 0.500 0.524 0.785 0.500
2.00 0.500 0.524 0.397 0.262 0.602 0.603
3.00 0.500 0.524 0.347 0.174 0.503 0.653
4.00 0.500 0.524 0.315 0.130 0.438 0.685
5.00 0.500 0.524 0.293 0.104 0.393 0.707
Table 6.12: Values of the constants required to calculate the theoretical average micellar radius, R caic, 
from Eq. 6.9. The radius of the oil and water molecules are, r0u and rwater respectively, the volume of 
these particles are voii and vwater. The circular area of the surfactant projected onto the micellar core and 
the surfactant tail length are cthead and ltan.
The model proposed for the theoretical micellar size is clearly inadequate in this 
situation. One of the assumptions made in constructing this model is that the surfactant 
headgroup has zero volume and therefore does not affect the volume of the water 
swollen micellar core. This assumption is perhaps justified when dealing with a system 
of real surfactants with very small head groups, such as stearic acid, especially if the 
water core is large. The surfactants in the simulations, however, are comparatively 
much larger, and the volume of the water-like parts of the surfactant molecules should 
be taken into account in the theoretical model (compare Figures 6.42 and 6.47).
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Figure 6.44: Comparison of observed and calculated values for the average micellar radius for simulation 
series Da. The line y=x is shown to compare the fit between simulation results and theory. Where Rcaic is 
defined in Eq. (6.15) and R0bS is defined in Eq. (6.19).
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Figure 6.45: Comparison of observed and calculated values for the average micellar radius for simulation 
series Db. The line y=x is shown to compare the fit between simulation results and theory.
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Figure 6.46: Comparison of observed and calculated values for the average micellar radius for simulation 
series Dc. The line y=x is shown to compare the fit between simulation results and theory.
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Figure 6.47: Theoretical model including the surfactant headgroup as a significant contributor to the 
volume of the core.
To compensate for the surfactant headgroups, the volume of the core, Vcore, must 
include the contributions from headgroups. To do this Eq. (6.12) needs,
v~. = N+v*, + (6.20)
Since vj/5/,=vw/this may be simplified to a form analogous to Eq. (6.15),
core
core
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D  _  ^ v disp {N disp + N surf )  
calc TkT”
^surf surf
where Eqs. 6.16 and 6.18 still apply.
(6.21)
Figure 6.48 shows the results of the comparison between the calculated and observed 
average micellar radii using the alternative treatment. The data clearly shows a much- 
improved fit to the previous model, justifying the inclusion of the surfactant headgroups 
in the calculation of the micellar size. Simulations Da2 to Da5 fit the data within 
boundaries defined by the error in the observed values, while only simulation Dal is 
visibly lower than the predicted value. This may be due to the limited system size as 
discussed in the cluster analysis (see Section 6.4.3). It may be that the simulation does 
not contain enough water and surfactant molecules to form a single micelle of the 
optimum size. Application of this model may only be relevant to simulations with more 
than one micelle, thus ensuring that the micelles present in the simulation have achieved 
an optimum size.
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Figure 6.48: Comparison of observed and calculated values for the average micellar radius for simulation 
series Da using the alternative model. The line y=x is shown to compare the fit between simulation 
results and theory.
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Figure 6.49 shows the results of the reformulated model for the average micelle size
better fit between theory and observation is observed, however only simulations Db3 to 
Db5 fit well. Simulations Dbl and Db2 (and perhaps Db3) are now below the value 
expected for the ratio of surfactant to water and the size of the constituents. This 
supports the previous conclusion that the number of water and surfactant molecules are 
insufficient to accommodate an optimum representation of the micellar species since 
simulations Dbl, Db2 and Db3 show the self-assembly of only one micelle during the 
simulation. Figure 6.25 clearly shows a single micelle for simulation Dbl with a water- 
swollen interior that is sparsely covered by the surfactant, suggesting there is 
insufficient surfactant to cover the water core. The total surface area presented to the 
interface by water accumulated in a single can be expressed as,
the power of 2/3 of the number of water molecules. The total surface area that the 
surfactant molecules are able to cover, however, varies according to NSWf,
Consequently increasing the number of particles in the simulation while preserving the 
ratio of water to surfactant results in a greater increase in the surface area the surfactant 
may cover, Asurf, than the surface area presented by the water, Awater. Hence, increasing 
the number of water particles and surfactant molecules while preserving the ratio of all 
components should result in a micelle with surface that is more effectively, or more 
optimally, covered by surfactant molecules. An improved fit between the calculated 
and observed average micellar radius should then be facilitated by increasing the total 
number of particles in the system size while preserving the ratio of the components. 
This will only apply to the simulations where one micelle is observed and particularly to 
the systems where the interface is only sparsely populated by surfactants (e.g. Dbl).
compared to values observed in the water-rich simulation series Db. Once again a much
water
water disp (6.22)
water
where,
Rwater-core
water disp (6.23)
Hence the surface area presented to the interface by a single spherical micelle varies as
^ s u r f  ~  N s u r f  a  su rf (6.24)
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Figure 6.49: Comparison o f observed and calculated values for the average micellar radius for the water- 
rich simulation series Db using the alternative model of Eq. (6.21). The line y=x is shown to compare the 
fit between simulation results and theory.
Figure 6.50 shows a comparison of the observed and calculated average micellar radius 
for surfactant-rich simulation series Dc. Simulation Del and Dc2 did not result in the 
formation of discrete micelles, and are not shown in the figure. The fit to the data is 
once again much improved with the reformulated expression for the micellar radius. 
The results for the simulations at lower water particle and surfactant radius of curvature 
do not quite fit the data. Although the deviation from the theoretical values appears 
substantial due to the scale of the plot, it is not as pronounced as those observed for 
simulations Dbl and Db2. The poor fit is probably due to a failing of the cluster 
analysis to distinguish between small micelles that are very close to each other, 
consequently, two micelles are artificially counted as one. This will increase the 
average size of the micelles in the system, accounting for the deviation between the 
observed and calculated radii.
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Figure 6.50: Comparison of observed and calculated values for the average micellar radius for the 
surfactant-rich simulation series Dc using the alternative model o f Eq.(6.21). The line y=x is shown to 
compare the fit between simulation results and theory.
Figure 6.51 shows the fit of the observed micellar radius to the calculated micellar 
radius for all simulations that self assembled into discrete water swollen reverse 
micelles. The scale of this plot shows a more convincing fit between the observed and 
calculated micellar radii for simulation series Dc than in Figure 6.50. This plot also 
highlights the greater level of agreement between observed and calculated values of the 
micellar radius for simulations that have more than one micelle, whether it be due to a 
decreased volume of water particle or a greater number of surfactants to water. In these 
circumstances we can be confident that the optimum micelle geometry is forming 
naturally.
To test the idea that the system size is having an effect on the results of the cluster size 
analysis, two further simulations were performed at the same ratio of water to surfactant 
as for simulations series Db and Dc, but with correspondingly more molecules of each 
type. Details of the simulations are presented in Table 6.9 and these are given indexes 
ofDblandDcl.
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Figure 6.51: Comparison between the calculated and observed micellar radii for all simulations that 
formed micelles in simulation series Da, Db and Dc. The line y=x is plotted to assist in comparison.
Simulation
index
K : N w:Ns No Nw Ns %
surfactant
Dbl 20:2:1 3296 352 176 4.60
Del 20:1:2 3120 176 352 9.62
Table 6.13: Details of increased system size simulations.
Figure 6.52 shows the results of large water-rich simulation series Dbl. Comparing this 
figure to Figure 6.48, which has fewer components but with the same ratio to each 
other, the fit between observed and calculated micellar radii shows an improvement for 
simulations Dbl3 and Dbl4. Simulation Dbl5 shows the same (good) fit between the 
observed and theoretical cluster radius as simulation Db5. The observed radii from 
simulations Dbll and Dbl2, although still smaller than expected, are slightly larger than 
the corresponding simulations Dbl and Db2. This would suggest that the increased 
system size has improved the correlation between observed and calculated values. 
However, this increase in the number of components in the system is clearly not enough 
for simulations Dbll and Dbl2 to reach an optimum cluster size.
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Figure 6.53 shows the results of the larger surfactant-rich simulation series Del. The 
increased system size has resulted in a much-improved correlation between the 
calculated and observed average micellar radius. Noticeably, simulation Dcl2 showed 
well-defined discrete water swollen reverse micelles, whereas at the lower system size 
(Dc2) the system self-assembled into non-spherical pockets of water interconnected by 
surfactants. For lower water particle sizes, the fit between observed and calculated 
values also improves. This may be due to an increased number of micelles over 
simulation series Dc that yield a more accurate average cluster radii.
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Figure 6.52: Comparison of observed and calculated values for the average micellar radius for simulation 
series Bbl using alternative model. The line y=x is shown to compare the fit between simulation results 
and theory.
Figure 6.54 shows a comparison of the observed and calculated micellar radii for all 
simulations that self-assembled into discrete micelles. This highlights the improved fit 
for simulations that were repeated at greater system size (Db and Dbl, Dc and Del) and 
clearly shows a good correlation between the calculated and observed values. 
Deviations from the expected values are most apparent where only one micelle is self­
assembled in the simulation, the reason for which may be an insufficient number of 
water particles and surfactant molecules to form an optimum micelle
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Figure 6.53: Comparison of observed and calculated values for the average micellar radius for simulation 
series Del using alternative model. The line y=x is shown to compare the fit between simulation results 
and theory.
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Figure 6.54: Comparison between the calculated and observed micellar radii for all simulations that 
formed micelles in simulation series Da, Db, Dc, Dbl and Del. The line y=x is plotted to assist in 
comparison.
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6.4.7: Discussion.
The dilute simulations showed the self-assembly of water and surfactant molecules into 
mesoscale structures. Series Da, which had an equal number of surfactant and water 
molecules, resulted in the formation of spherical water swollen reverse micelles. This is 
consistent with its position on the ternary phase diagram of microemulsions (see Figure 
6.2). As the particle size parameter, /r, was increased the radius of curvature of the 
surfactants decreased, which in turn promoted an increasingly curved interface. The 
result of this was the self-assembly of increasingly more numerous smaller micelles 
through simulation Dal to Da5. A similar trend was observed for the water-rich dilute 
simulation series Db. Larger micelles than in series Da were observed, probably due to 
the greater proportion of water molecules swelling the interior of the micelles. This 
increase in the number of water particles also resulted in fewer micelles being formed. 
There was some question as to whether the numbers of water and surfactant molecules 
present in the simulations were enough to form micelles of an optimal size for the 
selected ratio and geometries of the components. For example, simulation Dbl resulted 
in a single micelle, which was stabilised by an inadequate number of surfactants, 
indicated by a very sparse distribution of surfactants around the water core. It is 
probable that this single micelle was not an optimum cluster size, as simulations 
performed with ca. 40% (simulation Dbll) more constituent species still resulted in a 
single micelle. The surfactant-rich dilute simulation series, Dc, self-assembled in a 
slightly different way to series Da and Db. Although water swollen reverse micelles 
were observed for high values of the particle size parameter a; simulation Del 
assembled into a continuous ‘tube’ like structure. This may have been due to the effects 
of a limited number of components, or more likely the formation of a rod-shaped 
micellar phase. Simulation Dc2 also deviated from the expected water swollen reverse 
micelles. In this simulation, pockets of surfactant stabilised water were connected by a 
continuous water phase. Increasing the total number of particles in the system by ca. 
40% (simulation Dcl2) resulted in the formation of fairly well defined discrete micelles, 
suggesting that the observed structure in simulation Dc2 was due to limitations in the 
number of particles in the simulation.
The cluster analysis performed on the dilute simulation series Da, Db and Dc supported 
the observations made from the pictures of the final system configurations. Single 
reverse micelles were observed for simulations Dal, Dbl, Db2 and Db3. The 
continuous ‘tube’ structure observed for simulation Del could also be deemed to be that
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of a single cluster. An increase in the particle surfactant geometry parameter, k, 
generally results in an increase in the number of isolated particles and the number of 
clusters, with a decrease in the maximum and average number of water-like particles in 
a cluster. The decrease in the radius of curvature of the surfactant molecules promoted 
an increasingly curved interface, with the subsequent formation of smaller micelles. As 
the micelles decrease in size, the number of water molecules they are able to 
accommodate decreases, resulting in the formation of a more micelles. A notable 
exception to this trend is seen for simulations Dbl to Db3. As a: increased, there is no 
difference observed for the cluster analysis of all water-like particles in the simulation. 
This is a result of the finite number of particles in the system. For these simulations, the 
number of component species is insufficient to achieve the optimum cluster size. This 
results in clusters that are as large as they can be. In a simulation where a very large 
number of particles is present, the systems may evolve into many micelles of the 
optimum size, this size being larger than the maximum cluster size available to 
simulations Dbl to Db3.
The pair distribution functions support the observations made already. The short-range 
behaviour of gw M  is consistent with the decreasing water-like particle size. The 
medium range behaviour shows an increasingly significant minimum in gww(r) as 
multiple micelles are formed. This minimum probably corresponds to half the 
intermicellar separation, a distance scale which is relatively depleted of water-like 
particles. For simulations exhibiting only a single micelle, gww{r) decreases 
monotonically to values below unity, suggesting a distribution of water particles of non- 
uniform density. Both gw M  and g00(r) show coordination peaks beyond the second 
coordination shell. This would suggest the pressure of the system is greater than 
expected for a system comprising liquid water and oil phases and may be due to 
incomplete screening of the repulsive interactions between water and oil molecules by 
the surfactant particles. Degradation in this screening would result in a greater system 
pressure, leading to the appearance of coordination peaks in the pair distribution 
functions beyond that expected for a liquid state. Alternatively, the increased pressure 
may be a result of Laplace’s equation, which shows that the pressure on the concave 
side of the interface is always greater than the pressure on the convex side.
A more detailed study of the average size of the micelles was also performed, 
incorporating a means of assessing the average shape of the micelles. This showed that
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micelles are only roughly spherical over a time interval of *=25, and that systems with 
multiple micelles have on average more spherical micelles on this time scale. The 
pictures of the average micellar size and shape for all simulations agree with 
observations already made. As the water-like moieties decrease in size (i.e. increasing 
a) the clusters decrease in size. A more comprehensive study of the micellar shape with 
time was performed for simulation Dal. This showed that at the shorter time intervals, 
*=0.5 to *=50, the shape of the micelle was not spherical. Over the longer time, *=1000, 
the average shape of the micelle was very close to spherical (see Figure 6.39). An 
asphericity order parameter was also calculated, which showed that the shape of the 
micelle fluctuated quite dramatically over a short time interval of ca. At=10-20. 
However, the general shape of the micelle stayed spherical, indicated by values of A 3  
close to zero. A measure of the average shape with time was calculated in a similar way 
as for A 3 , calculated using an average inertia tensor. This shows that the shape of the 
micelle, when averaged over long time, was very close to a sphere for simulation Dal.
Comparison of the average radii of the micelles in a simulation with an existing 
theoretical treatment proved to be inaccurate. This was due to the assumption that the 
surfactant headgroup contributed no volume to the core of the water-swollen micelle. 
Correcting the treatment by including the volume of the water-like moiety of the 
surfactant molecule resulted in a much-improved correlation between the simulation and 
the new theory. Noticeable discrepancies between the theoretical model and the 
simulation results occurred for systems that exhibited a single micelle. This would 
support the hypothesis that micelles of an optimum size are only observed in 
simulations that resulted in the formation of more than one micelle. This deviation 
between the predicted micellar radius and the observed micellar radius is due to the 
limited number of particles present in a simulation. For example, using Eq. (6.21) to 
calculate the radius of the micellar core of clusters present in simulation Dbl gives a 
value of 7.7 cr0 u• At a ratio of oil to water to surfactant particles of 20:2:1, this would 
require a system comprising of at least 15500 oil particles, 1550 water particles 775 
surfactant molecules to form a single micelle. Further, to ensure that the micelles 
present in the simulation are of an optimum size, enough component particles should be 
included to form at least two micelles of equal size. This would result in a simulation 
involving at least 35650 particles, which represents a computational burden well 
beyond the current computing capability.
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6.5: Conclusions.
The results of the simulations in this chapter have shown a good correlation between the 
phase behaviour observed for each system and the phases predicted by the 
microemulsion phase diagram shown in Figure 6.2. Simulations that exhibited multiple 
micelles proved to have clusters of water and surfactant molecules of a predictable size 
calculated from a modified existing treatment {i.e. Eq. (6.21)). However, what is more 
important is the application of this study to the overbased detergent systems of interest. 
If the use of a microemulsion system as an analogue to the formation of overbased 
detergent micelles is valid, then some interesting comparisons may be drawn. This 
work suggests that surfactants with a large radius of curvature and small area of 
coverage projected onto the core material promote larger micelles. Furthermore, the 
size of the micelles is directly linked to ratio of the water to surfactant molecules whilst 
in the oil rich portion of the ternary phase diagram, as detailed in Eq.(6.18). These 
observations are consistent with particle sizing experiments performed on various 
overbased detergent systems. A previous study of overbased phenate particles clearly 
shows that increasing the amount of the starting Ca(OH)2 but maintaining the same 
amount of surfactant resulted in larger micelles, and a higher TBN [37,38]. This is 
consistent with Eq. (6.21), where the dispersed phase is now Ca(OH)2 and the 
surfactants are phenate molecules. It has also been repeatedly demonstrated that linear 
surfactants with a greater radius of curvature such as calcium sulphonate and co­
surfactants such as calcium stearate result in larger micelles than surfactants that exhibit 
a decreased radius of curvature, such as phenates and calixarates. Table 6.14 
summarises the radius of some overbased detergents (typically of the maximum TBN 
achieved for that system) along with the surfactants used. This clearly shows that the 
sulphonate sample, although not at a maximum TBN for that class of detergent, has a 
much greater micellar radius than all other samples. The samples that include stearic 
acid as a co-surfactant are also larger than the detergent particles that are formed from a 
single surfactant. An important point to note is the increased TBN and micellar radius 
when stearate is used in the phenate sample. This would suggest that the co-surfactant 
is acting to increase the average radius of curvature of the surfactants while reducing the 
average area of the surfactants projected onto the micellar core. This induces both an 
increase in the particle size and the level of overbasing when compared to the pure 
phenate sample, which has both a decreased radius of curvature, and a larger surfactant 
headgroup area.
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Surfactant (+ co­
surfactant)
TBN (Maximum) Micellar radius,
R-micelle /nm
Reference
Sulphonate 350* 7.5 3
Phenate (+ Stearate) 400 2.37 Chapter 2
Salicylate (+ Stearate) 400 2.54 Chapter 2
Phenate 300 1.61 37,38
Calixarate 350 1.78 Chapter 2
Table 6.14: Table comparing the micellar radius, RmiCeiie, and the total base number TBN of some 
overbased detergents. The maximum TBN achievable for a given system is used where possible. The 
exception to this is the sulphonate sample, marked *.
Having seen that the ideas that have emerged from this chapter work in a qualitative 
way, an interesting exercise would be to try to apply or adapt Eq. (6.21) to a variety of 
overbased detergent systems. This is the focus of Chapter 7.
This chapter also provides insight into a potential mechanism for micellar growth 
(whether it is for a water phase or CaCCb phase) in the presence of surfactants. As the 
system evolves, surfactants align themselves at the boundary between the dispersed 
phase and the solubilising phase (i.e. oil) to lower the interfacial tension. Domain 
growth then persists until the interface is saturated by surfactants, at which point the 
system stops evolving. The point at which the surfactants completely coat the interface 
is when the surface area of the dispersed phase presented to the surfactants is equal to 
the surface area the surfactants are able to cover. Hence, in the micellar regime, the 
concentric spheres model used to derive Eq. (6.21) is applicable since it equates the 
surface area of the dispersed phase for a given micellar radius, R, to the surface area 
covered by surfactants for that micelle, at which point domain growth desists and 
micelles of radius, R, are observed. This also explains why some simulations result in 
micelles that deviate from the predicted size. In these simulations (Dal and Dbl-Db3), 
there are ‘insufficient’ numbers of surfactants to cover the interface between water and 
oil particles, hence domain growth is prematurely arrested as all water particles coalesce 
in a single cluster. If the number of particles present in the system (at the same ratio of 
components simulated) had been large enough, then domain growth would have been 
dictated by surfactant coverage, resulting in larger micelles and a better correlation with 
theory.
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7.1: Introduction.
Chapter 6 explored the self-assembly of water swollen reverse micelles using a highly 
simplified forcefield that mimicked the main components of a ternary mixture of water, 
oil and surfactant. This allowed an assessment of the Israelachvili theory which relates 
the composition of the microemulsion and the geometry of the surfactant molecules to 
the size of the micelles present. This formula had to be amended for the situation where 
the surfactant headgroups are of a non-negligible size, and therefore contribute 
significantly to the size of the water swollen core. This chapter applies these theoretical 
treatments to the overbased detergent system to predict the size of the mineral core that 
exists given the starting components of the synthesis material.
An assessment of the theoretical model was undertaken by calculation of the surfactant 
headgroup areas from well-characterised overbased detergent systems taken from the 
literature. The overbased detergent particles had well-defined particle radii and 
chemical compositions. The model was assessed by its ability to predict the surfactant 
headgroup area, which gave values that may then be used to predict the size of the 
overbased detergent particles before synthesis.
7.2: Model and System Details.
7.2.1: Overbased Sulphonate Particles.
Four overbased sulphonate systems were studied (designated Sull -  Sul4), the details of 
which can be found in references [1-3]. The first three sulphonate systems comprised of 
alkyl aryl sulphonic acids stabilising a calcium carbonate core, while the fourth, Sul4, 
used sulphonate surfactants to stabilise a core based on magnesium carbonate. Small 
angle neutron scattering (SANS) and small angle X-ray scattering studies suggest that 
the overbased sulphonate particles are spherical [1-5]. Molecular Dynamics simulations 
[6,7] later supported this structure. Since the sulphonate group can be thought of as the 
headgroup, and it is relatively small, the particle radius can be predicted by the original 
Israelachvili formulation (Eq. (6.15)), a treatment in which the headgroup volume is 
considered negligible. Furthermore, the reformulated equation (Eq. (6.20)) requires 
knowledge of the effective headgroup volume, which is unknown for the surfactants of 
interest in overbased detergent synthesis. Consequently, the theoretical treatment for 
spherical micelles of Israelachvili (presented in Chapter 6) is considered adequate [8]. 
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To predict the size of the mineral core, knowledge of the area of core the surfactant 
covers is required. The data in the references [1-3], however, gives the core diameters 
and system component ratios. Therefore the model was assessed by calculating the 
surface area the surfactants are able to cover. Rearranging Eq. (6.15) gives,
3 Vdisp N *-  
ff N,
„    disp (r-j f 'y
a surf ~  «  t ' - D
core surf
where Ndisp and Nsurf  are the number of dispersed phase molecules and surfactant 
molecules in the micelle respectively. The core radius, Rcore, and the volume of the 
dispersed phase molecules, VdiSp, are also required to calculate the area of the surfactant, 
aSUrf' The volume of the dispersed phase particles was approximated as the volume of a 
single calcium carbonate in calcite, which gives a volume, v^=61.32 A3. The core 
material of system Sul4, however, was assumed to be 3MgC03Mg(0H)23H20, and 
treated as such in the SANS study used to determine the core size. The density of this 
species was given as 2.16 gem'3, hence the volume of the dispersed phase particles can 
be calculated to be, v^=281 A3.
Table 7.1 details the relative number of the surfactant and dispersed phase components, 
the volume of the dispersed phase particles, the mineral core radius and the calculated 
surfactant head group area. Considering the micelles with calcium carbonate cores, the 
surface area of systems Sull and Sul2 are comparable and reasonable, with surfactant 
headgroup areas of 28.9 and 32.3 A2, respectively. System Sul3, however, shows a 
dramatically lower headgroup area of 6.8 A2. The reason for this discrepancy in the 
surfactant headgroup area may be due to a poorly optimised synthesis procedure for 
system Sul3. If, for example, the system only incorporates a fraction of the surfactant 
starting material, this will artificially decrease the area the headgroup covers when 
calculated from Eq. (7.1). System Sul4 differs slightly from the other overbased 
sulphonate samples, since it relies on overbasing magnesium hydroxide as opposed to 
calcium hydroxide. Consequently the core material, or dispersed phase, is different and 
the volume of the dispersed phase particles also differs. Despite this difference, the 
surfactant headgroup area appears to be consistent with systems Sull and Sul2 with a 
value of 27.4 A2. It would appear, discounting system Sul3, that the model gives 
sensible and fairly consistent sulphonate headgroup areas, particularly considering the 
scope for altering the headgroup area by changing the surfactant tail group. The 
average value from systems Sull, Sul2 and Sul4 gives a value of ca. 29.5 A2.
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System N U sp /N su rf Vdisp !  A Rcore!A @surj!A Reference
Sull 4.71 61.32 30.0 28.87 [1]
Sul2 3.86 61.32 22.0 32.27 [2]
Sul3 2.47 61.32 67.0 6.78 [2]
Sul4 1.31 280.79 40.2 27.41 [3]
Table 7.1: Table of parameters used in the sulphonate particle analysis. The relative number of the 
system components, Nsurf  and NdiSp, the volume of the dispersed phase particle, vdisp, the core radius, R core 
and the calculated surfactant headgroup area asutf, are shown using Eq. (7.1).
7.2.2: Overbased Salicylate Particles.
The same treatment used for the sulphonate systems was also applied to a series of 
salicylate particles, since MD simulations performed in Chapter 5 suggest this type of 
surfactant forms roughly spherical particles. The details of the system components, 
particle radii and calculated surfactant headgroup areas are detailed in Table 7.2. In all 
four cases the dispersed phase was assumed to be calcium carbonate and the volume of 
the dispersed phase particles, v^=61.3 A3. All four salicylate systems gave 
comparable values for the surfactant headgroup area, with an average value of ca. 33.8 
A2. The surfactant headgroup area for a single salicylate molecule would then appear to 
be greater than that observed for a sulphonate particle, which is consistent with the 
geometries of the two headgroups. If the alkyl tail groups are situated para to the 
carboxyl group, this will naturally tilt the surfactant at the interface, reducing the ease of 
packing of the surfactant thus increasing the effective headgroup area. This effect was 
demonstrated in Chapter 5, and can be easily seen from Figures 5.3 and 5.5, which 
respectively show the orientation of the sulphonate and salicylate molecules at the 
interface. Alternatively, the tail group found on the salicylate molecules may be more 
bulky than those found on the sulphonate molecules. This also has the potential to 
increase the effective surfactant headgroup area, however, precise details of the alkyl 
tail group found on the sulphonate and salicylate molecules were not given.
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System NUsp/Nsurf Rcore!A. &surf!A. Reference
Sail 3.00 15.0 36.75 [9]
Sal2 2.43 13.5 33.08 [9]
Sal3 2.56 15.0 31.37 [9]
Sal4 2.63 15.0 32.23 [9]
Table 7.2: Table of parameters used in the salicylate particle analysis. The relative number of the system 
components, Nsurf  and Njisp, the core radius, Rcore and the surfactant headgroup area (calculated from Eq. 
(7.1)), asurf, are shown.
7.2.3: Overbased Phenate Particles.
It is clear from the atomistic simulation of overbased phenate particles that the micellar 
shape and spatial distribution of the surfactant molecules is different from the spherical 
particles observed for overbased sulphonate and salicylate systems. There is also some 
experimental evidence to suggest these particles are not spherical (see Langmuir- 
Blodgett film formation described in Chapter 2). Therefore, to assess the size of the 
particles with reference to the surfactant headgroup area, the model needs to be 
amended. If we assume that the core of the micelle has a disk shape, we can treat the 
phenate system in a manner analogous to the concentric spheres model used to describe 
the sulphonate and salicylate particles. Figure 7.1 shows the proposed model for the 
overbased phenate particles. The top and bottom ‘faces’ of the disk shaped core are 
assumed to be devoid of surfactant molecules, while the curved ‘edge’ of the disk is 
stabilised by phenate molecules. This gives a core with volume,
K~ = 2*«L (7-2)
and a surfactant stabilised area,
Amered = ^ L e  (7-3)
The total area of core covered by surfactants may also be assumed to be,
covered ^ su r f  ^  surf ( ^ • ^ ’)
where Nsurf  and asurf  have the usual meanings. Similarly, the total volume of dispersed 
calcium carbonate is,
Kore = X dlspVdkp (7.5)
where for calcium carbonate, vdisp=6l32  A . On combining Eqs. (7.2) -  (7.4), the area 
covered by a single surfactant molecule can be calculated from the radius of the mineral 
core and the ratio of the dispersed phase particles to surfactants as,
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Exposed core.
Figure 7.1: Schematic details of the proposed core found in overbased phenate particles. The surface is 
is split into two components, the exposed faces and surfactant covered edge of the disk shaped core. The 
core volume and surfactant covered area are shown on the diagram.
Table 7.3 shows the results of calculations made from Eq. (7.6) when applied to the 
overbased phenate systems described in References [10,11]. The surface area the 
phenate molecules are able to cover is fairly consistent between the low to high TBN 
phenate systems, which corresponds to an average surface area of ca. 40.0 A2 for an 
individual phenate molecule. This would suggest that the headgroup area presented by 
the phenate molecules is larger than that observed for the sulphonate and salicylate 
systems, which should be expected considering the dimeric nature of the phenate 
molecule. The total surface area falls somewhat short of double the surface area of the 
monomeric sulphonate and salicylate molecules, which again should be unsurprising, 
since, for example, two separate phenolate molecules would cover a larger surface area 
than a pair of phenolate molecules which are bonded together. The dimeric phenate 
molecule would effectively force the area covered by a single phenolic unit to overlap 
with the other phenolic unit. This would tend to support the model developed for the 
size of the overbased phenate particles.
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System N U s p /N mrf R-cord A &surjfA Reference
Phenl 1.0 2.95 41.57 [10,11]
Phen2 1.67 5.25 38.93 [10,11]
Phen3 2.0 6.25 39.24 [10,11]
Table 7.3: Table of parameters used in the phenate particle analysis. The relative number of the system 
components, Nsur/  and Ndisp, the core radius, Rcore and the calculated surfactant headgroup area ab usin g  
Eq. (7.6), are shown.
7.2.4: Overbased Calixarate Particles.
Developing a suitable model for the overbased calixarates presented a greater problem. 
A major difficulty encountered was the determination of a core radius from the 
experimental data. The size of the overbased detergent particles calculated from the 
Langmuir trough experiments presented in Chapter 2 were determined assuming a 
spherical particle geometry. This assumption is valid for the sulphonate and salicylate 
systems, and may even be applicable to the phenate particles, which at least has the 
possibility of projecting a circular profile to the surface of the water. However, the 
atomistic simulation of the overbased calixarate systems characterised in Chapter 2 
showed that the particles could possibly adopt either a disk-like structure or a tube-like 
structure. Given these very different particle geometries and the likelihood that in fact 
both exist in a given sample, a relative particle size and more importantly, a consistent 
core size could not be obtained from the Langmuir trough experiments. Clearly an 
appreciation of the level of the polydisperse nature of the calixarate systems and a better 
means of determining the average core size must be developed, using for example 
SANS, SAXS and TEMS.
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7.3: Summary.
The overbased detergent particles of sulphonates and salicylates generally complied 
with a model describing the system in terms of the ratio of the surfactants and dispersed 
phase molecules, the volume of the dispersed phase particles, the core radius and the 
area the surfactants are able to cover. Surfactant headgroup areas that were determined 
using this model are plausible, with the exception of one of the sulphonate systems 
under study. Differences in the headgroup areas of the sulphonate and salicylate 
systems are attributed to the different manner in which they are bound to the core 
surface and any differences in the geometry of the alkyl tail groups. This behaviour was 
also revealed in the MD simulations of Chapter 5. A sulphonate system that was based 
on magnesium as the core material gave a sulphonate headgroup size statistically the 
same as for the calcium-based systems. This supports the overall applicability of this 
model to spherical overbased detergent particles.
An alternate model was required for the overbased phenate systems, which assumed a 
disk-like core structure. The surfactant headgroup areas calculated from this model 
proved to be consistent between three systems of differing TBN values. The average 
headgroup area proved to be greater than that observed in the sulphonate and salicylate 
systems, consistent with the idea of a dimeric surfactant. However, the total surface 
area the phenates cover was found not to be double that observed for the monomeric 
sulphonate and salicylate systems. This is plausible if the phenate is considered to 
consist of two phenolate units bonded together, with overlapping ‘footprints’. 
Furthermore, the phenolic units of the phenate molecule may in fact present a smaller 
surface area to the mineral core of the reverse micelles since they are composed of a 
single oxygen rather than the trigonal sulphonate oxygens and the carboxylic oxygens of 
the salicylate.
Developing a suitable model for the calixarate system proved to be more intractable. 
This was due to uncertainties in the actual core size for the different calixarate systems 
synthesised in Chapter 2, and the level of polydispersity of the systems. More 
investigation of these systems is required before a clear understanding of what they are 
can lead to a simple theoretical model.
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8.1: Introduction.
Various aspects of overbased detergent particle structure and formation have been 
studied by a wide variety of both experimental and computational techniques. A range 
of overbased detergent systems was synthesised and characterised in Chapter 2. 
Techniques used included Langmuir Trough, Langmuir-Blodgett thin film formation 
and Magic Angle Spinning NMR (MAS NMR). Molecular Dynamics simulations of 
individual overbased detergent micelles were performed, with results described in 
Chapter 5. The forcefield required to perform these simulations was developed in 
Chapter 3 through the application of ab initio quantum mechanical calculations. The 
relative acidities of some of the key surfactant headgroups used in the synthesis of 
overbased detergents were also calculated by quantum mechanical means. The 
shielding constants for various atomic centres were also calculated in Chapter 3, for 
comparison with experimental NMR spectra. A comparison between the behaviour of 
model molecular systems with experimental data, in Chapter 4, served to assess the 
forcefield and software used in the Molecular Dynamics simulations. Mesoscale 
simulations of ternary mixtures of surfactants, oil and water were carried out using 
Molecular Dynamics simulations, as an analogue to the reaction mixture from which 
overbased detergents are synthesised. This study was presented in Chapter 6, which 
allowed the development of a model relating the surfactant structure and system 
component ratios to the size of the micelles. The applicability of this model to the 
overbased detergent system was assessed in Chapter 7. The model was also further 
developed to encompass an alternate micellar geometry.
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8.2: Synthesis and Experimental Characterisation.
8.2.1: Overbased Detergent Synthesis.
Chapter 2 began with a description of the materials and techniques required to 
manufacture a range of overbased detergents. A new class of overbased detergent, 
namely the calixarates, was synthesised. This resulted in systems with low, mid and 
high Total Base Number (TBN) values of 150, 250 and 350, respectively. This proved 
that it was possible to make overbased detergent systems based on alkyl calix[6]arenes.
A phenate product based on a previous study [1,2], was also synthesised, using a ‘one 
pot’ reaction procedure as opposed to the two-step process used previously. This 
synthesis produced a 200 TBN sample.
As well as the systems composed solely of the calixarate as a surfactant, a mixed 
calixarate/stearate system was also synthesised. This used stearic acid as a co-surfactant 
in the synthesis procedure. Stearic acid is commonly used in the commercial 
manufacture of overbased phenate, salicylate and calixarate systems to increase the base 
content. This product had a basicity of 450 TBN.
Prior to an experimental characterisation of the overbased detergent products, the active 
species had to be isolated from the base oil. This process was successful for the phenate 
and calixarate systems, whereas the calixarate/stearate system would not yield a product 
that could be subsequently redispersed in an organic medium. Two further 
commercially overbased phenate and salicylate systems were successfully isolated by 
this technique. Both the phenate and salicylate systems included stearic acid as a co­
surfactant.
8.2.2: Langmuir Trough Experiment.
The overbased detergent systems that proved stable to the extraction process were 
analysed by an interfacial technique using a Langmuir trough. This allowed the particle 
size, interparticle forcefields and the contact angle between the particle and the interface 
to be determined.
The 150, 250 and 350 TBN calixarate series contained particles with diameters of 3.38, 
3.47 and 3.56 nm, respectively. These values are consistently higher than those
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observed for a series of phenate particles at the same TBNs [1,2]. The increased size of 
the calixarate particles can probably be attributed to the large size and high phenolic 
functionality of the calixarate surfactants. Force separation curves suggested the 
particles are fairly ‘hard’, with interactions that decay over a short distance range. The 
contact angles were calculated to be ca. 125° for all three of the overbased calixarate 
products. This would initially suggest a highly hydrophobic particle (i.e. a particle that 
stands very clear of the water/air interface). Alternatively, this may highlight a 
deficiency in the mathematical treatment of the Langmuir trough data. To calculate the 
contact angle, and indeed the particle diameter, the reverse micelles are assumed to be 
both monodisperse and spherical. The high contact angle calculated for all three 
members of this series of particles may be a consequence of deviation from spherical 
micellar shape.
The 200 TBN phenate system synthesised via the ‘one pot’ reaction procedure exhibited 
a particle size and contact angle consistent with the previous study of overbased phenate 
particles [1,2]. Both the particle size of 2.66 nm and the contact angle of 115.0° placed 
the particle between the 150 and 250 TBN phenate particles previously characterised. 
This indicates that the two different synthetic routes lead to a very similar product, and 
an insensitivity to the precise synthetic procedure. The overbased products therefore 
appear to be thermodynamically stable, as if these products were the result of growth 
from a metastable mixture one would expect a range of particle sizes and sensitivity to 
differences in initial conditions.
The commercial 400 TBN phenate/stearate and 400 TBN salicylate/stearate systems 
gave particle diameters of 4.73 and 5.08 nm respectively, larger than systems without 
stearate as a co-surfactant. This probably accounts for the increased TBN observed for 
these systems, and perhaps reflects both a greater core size and a thicker surfactant 
stabilised organic shell. Contact angles of 108.8° and 105.4° suggest that both these 
particles are either more hydrophilic or more appropriately modelled by a spherical 
particle than the phenate and pure calixarate systems. The force separation plots for 
both of these samples suggested particles that were ‘softer’ than the calixarate and 
phenate systems. This is probably a consequence of the longer, straight chain stearate 
molecules in the surfactant shell. The straight chain nature of the stearate molecules 
should result in particles that are able to deform, as the stearate tail groups fold, or 
interpenetrate. This effectively increases the distance over which particles from the two
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systems weakly interact before reaching a close packed arrangement, compared to the 
shorter highly branched propylene tetramer tail groups found on the calixarate and 
phenate surfactants (in these systems the forces increase dramatically over a shorter 
range).
Returning to the calculation of the contact angle, it was previously assumed that the 
phenate particles had a greater contact angle than spherical sulphonate particles [1-4] 
since they were more hydrophobic [2,5]. Molecular Dynamics simulations of 
sulphonates suggest that these are spherical particles that are more evenly and well- 
covered by surfactant molecules [4]. The phenate particles, however, appeared to be 
oblate spheroidal particles with two faces exposing a considerable amount of core 
material [2,5]. This would lead one to think that the phenate particles should be more 
hydrophilic and as such they should exhibit lower contact angles. This discrepancy is 
possibly a consequence of the shape of these particles and the simple mathematical 
treatment of the Langmuir trough data to extract the contact angle. This treatment 
assumes spherical particle geometry and assumptions about the packing of the particles 
to calculate the free energy associated with the removal or addition of a particle at the 
water/air interface. As the particles deviate from spherical, the area of overbased 
detergent particle in contact with the water changes, and the area of water covered by 
the particle also changes. Therefore, the Langmuir trough model in its present state is 
inappropriate when applied to particles that are not spherical. The increased contact 
angles observed for the phenate and calixarate systems are likely to be a result of these 
particles possessing other shapes, as in the case of the phenates, oblate spheroids or 
disks.
8.2.3: Langmuir-Blodgett Film Formation.
Complimentary particle sizes to the Langmuir trough experiments were obtained by 
novel application of the Langmuir-Blodgett film formation technique to overbased 
detergent particles. Thin films were made for the 200 TBN phenate, and the 150 and 
350 TBN calixarate samples. These films were characterised by ellipsometry and 
particle diameters of 2.63 and 3.21 nm were obtained for the 150 and 350 TBN 
calixarate particles, respectively. These values differed from those obtained from the 
Langmuir trough experiments and it was hypothesised that the differences were due to 
the sensitivity of each technique to different aspects of an aspherical particle. This 
being the case, it would appear the 350 TBN sample was closer to spherical than the
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low TBN sample since the dimensions acquired by each particle sizing technique are 
more similar. The 200 TBN sample was deposited at surface pressures equivalent to 
points just before, equal to and just after the surface pressure associated with close 
packing. This resulted in films of increasing thickness and particle diameters of 1.18, 
1.56 and 2.18 nm at surface pressures of 18.5, 22.0 and 23.5 mN m '1. The difference in 
size between the Langmuir trough study (2.66 nm) and the Langmuir-Blodgett 
experiments can possibly be attributed to an aspherical particle shape. An increase in 
the particle diameter was observed with increasing surface pressure. This was 
explained in terms of an oblate spheroidal particle tilting toward perpendicular at the 
interface as the particles pack more closely prior to deposition on the substrate. This 
then created an increasingly thick Langmuir-Blodgett film.
8.2.4:13C Magic Angle Spinning NMR.
13C MAS NMR experiments were performed on the overbased detergent systems that 
were effectively extracted from the base oil. All spectra presented broadly the same 
features; peaks between 1 0 -5 0  ppm corresponding to alkyl tail groups and peaks above 
60 ppm corresponding to the reverse micellar core material, surfactant and co-surfactant 
headgroups and residual co-solvents left from the synthesis procedure. The 
conventional overbased detergent structure of an organic shell surrounding an 
amorphous mineral core is supported by the spectra. High temperature spectra showed 
distinct sharpening of the alkyl tail groups compared to ambient and low temperature 
experiments. This effect was not noticed for the peaks above 60 ppm. A mobile 
organic shell around an immobile mineral core readily explains this. At high 
temperatures, thermal energy causes faster tumbling of the alkyl tail carbons, which in 
turn sharpens the peaks corresponding to these atoms. The mineral core however 
cannot tumble as well as the tail groups and hence little sharpening of these peaks was 
observed with temperature increase.
Peaks above 60 ppm were further resolved, and showed evidence for other molecular 
species in the 60 -  80 ppm chemical shift range. These were consistent with the 
presence of alcoholic co-solvents such as mono-ethylene glycol and 2-ethyl hexanol, 
both of which appear to persist in the micellar structure after the solvent stripping stage 
in the synthesis procedure. Aryl carbon peaks showed characteristic chemical shifts in 
the range 110 — 150 ppm, the details of which were dependant upon the type of 
surfactant present. A broad peak at ca. 168 ppm was observed in all systems under
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study and probably corresponds to the carbonate ion. This peak is consistent with an 
amorphous calcium carbonate core, causing a range of carbonate conformations and 
environments. Systems that incorporated stearate as a co-surfactant exhibited a further 
peak at ca. 185 ppm, consistent with the carboxylic head group of the stearate molecule. 
The phenate and calixarate systems also exhibited further peaks at ca. 182 ppm and 179 
ppm, respectively. In the absence of stearate molecules, these peaks were initially 
assigned to carboxylic acids formed by oxidation of the co-solvents present in the 
reaction mixture. A theoretical study of the magnetic shielding of the surfactant 
phenolic units suggested that these peaks are possibly due to deprotonation of the 
hydroxy group, deshielding the carbon to which it is bonded. This provides an alternate 
assignment to these peaks and possibly direct evidence of deprotonation of phenolic 
units of the surfactant molecules.
MAS NMR spectra of the calcite and aragonite crystalline forms of calcium carbonate 
showed a single carbonate peak at 168 and 171 ppm respectively. The primary 
difference between the atomic environments of the carbon in calcite and aragonite are 
derived from the geometry of the carbonate ion. The carbonate ions present in calcite 
have a highly symmetrical planar geometry with equal bond lengths and bond angles. 
The carbonate found in aragonite, however, is less symmetrical and deformed such that 
the carbon and oxygens form a slightly trigonal pyramidal structure. This may proved 
some insight into the carbonate ions present in the mineral core of the overbased 
detergent particles. All carbonates peaks were broad but centred at ca. 168 ppm. This 
possibly suggests that the equilibrium carbonate geometry of the overbased detergent 
particles is more like the highly symmetrical planar calcite carbonate ions. The broad 
nature of the carbonate peak in the overbased detergent structure may also suggest that 
the carbonate ions form a distribution of geometries about this equilibrium structure.
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8.3: Ab Initio Quantum Mechanical Calculations.
8.3.1: Charge Distribution Calculations.
An accurate assignment of the point charges for the surfactant headgroups was required 
before the reverse micellar structure of an individual overbased detergent particle could 
be modelled by atomistic Molecular Dynamics simulation. To get a good description of 
these point charge distributions, ‘molecules’ analogous to the surfactant headgroups 
were constructed by removing the flexible alkyl tail portion of the surfactant molecules 
and optimising the remaining structures by a combination of Molecular Mechanical and 
Quantum Mechanical calculations. Optimisation of the large macrocyclic structures of 
the larger calixarene molecules proved to be too computationally expensive. 
Consequently, the electronic point charges for the calixarene phenolic units were 
assigned using the protonated and deprotonated phenol analogues. These were 
subsequently compared with the smallest calix[4]arene, and proved to be in fair 
agreement.
8.3.2: Relative Acidities.
Having optimised the structures of the surfactant headgroups, the relative acidities of 
the molecules were calculated [6], which is important as since the synthesis of 
overbased detergents centres on an acid/base reaction. The choice of basis set made 
very little difference to the relative order of the molecules in terms of acid strength. The 
calculated relative acidities followed the order: sulphonic acid > calix[4]arene > 
salicylic acid > ~ sulphurised phenol > propanoic acid (stearic acid analogue) > phenol. 
Certain species, namely the sulphurised phenol, calix[4]arene and salicylic acid, 
presented (at least) a second possible acidic hydrogen. For these molecules, the relative 
second acid strength decreased in the order sulphurised phenol > calix[4]arene > 
salicylic acid. This latter series suggested comparable second acid strengths, 
consequently it should be considered that these molecules could exist at least partially in 
a doubly deprotonated state. The calix[4]arene presented the opportunity for further 
deprotonation, the relative acid strength of these hydrogens, however, was considerably 
lower than the first two acidic hydrogens, suggesting that the calixarenes are unlikely to 
exist with greater than half of their phenolic hydrogens deprotonated.
Both the acid strength and the geometry of the calix[4]arene molecule appeared to be 
highly dependant upon extensive hydrogen bonding within the hydrophilic cavity of the
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calix[4]arene molecule This may prove to be a dominant factor in the behaviour of the 
calixarates as surfactants, especially since Molecular Dynamics simulations of 
calixarate particles presented in Chapter 5 suggest the calixarate molecule does not 
appreciably penetrate the core.
8.3.3: Magnetic Shielding Constants.
Ab initio quantum mechanical calculations allow the theoretical determination of the 
magnetic shielding constants at each atomic site on a molecule. On subtraction of the 
shielding constant for the reference molecule, tetramethylsilane (TMS), the chemical 
shift for that atomic site can be calculated. This allows a direct comparison of 
calculated and experimentally determined chemical shifts.
The magnetic shielding constants of the carbon in the carbonate ion of calcite and 
aragonite were calculated using a range of basis sets of increasing complexity. The 
absolute value of the chemical shift converged to the experimental value, as the basis set 
became more complex. However, even for minimal basis sets, the chemical shift of the 
aragonite carbonate was consistently higher than that calculated for the calcite 
carbonate. This is in agreement qualitative with the MAS NMR spectra for the calcite 
and aragonite forms of calcium carbonate. However, the magnitude of the difference in 
chemical shift between aragonite and calcite was consistently low for all basis sets. 
This could be due to the lack of surrounding crystalline structure around the carbonate 
ion that was modelled, but does indicate that simply the difference in the carbonate 
geometry between the calcite and aragonite phases is sufficient to increase the chemical 
shift in aragonite. Since the local carbon environment is key to the chemical shift of the 
carbonate carbon, this would support the hypothesis that the equilibrium geometry of 
the overbased detergent carbonate is very similar to the calcite carbonate, despite the 
differences in the longer range carbonate environment.
Magnetic shielding constants were also calculated for the carbon centres of the 
surfactant headgroup analogous. These calculations showed a quantitative agreement 
between the theoretical and experimental values, with differences that were possibly due 
to the slight structural differences between the analogues and the actual surfactants. The 
MAS NMR spectra of the phenate and calixarate particles gave peaks centred at 183 and 
179 ppm respectively. These were initially assigned to carboxylic acids formed by 
oxidation of alcoholic co-surfactants in the synthesis procedure. The magnetic shielding
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constants calculated for the deprotonated phenolic unit, however, suggest that these 
peaks were due to the presence of deprotonated phenolic units in the phenate and 
calixarate molecules.
Samples that contained the stearate molecule as a co-surfactant consistently showed a 
peak at ca. 185 ppm. Magnetic shielding calculations performed on propanoic acid, the 
propanate anion and the calcium salt of propanoic acid demonstrated chemical shifts 
that are consistent with a peak in this chemical shift range. This would also tend to 
support the hypothesis that the 182.9 and 178.7 ppm peaks of the phenate and calixarate 
particles respectively are due to the oxidation of alcoholic co-solvents in the reaction 
mixture to form carboxylic acids. All the peaks above ca. 50 ppm in the MAS NMR 
spectra of overbased detergents were relatively broad. Consequently, definitive 
assignment of the peaks in this range becomes more difficult. A plausible situation 
could be the presence of both deprotonated phenolic units and carboxylic acids in the 
overbased detergent particles, the details of which are hidden by broad spectral features.
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8.4: Validation of Techniques and Forcefield.
8.4.1: Validation Issues.
The simulations carried out and reported in Chapter 4 were to test the forcefield used in 
the Molecular Dynamics simulations of the overbased detergents. Aspects of the polar 
core and the surfactants were modelled. Two model systems, «-hexane (the apolar tail 
groups) and the calcite and aragonite forms of calcium carbonate (the polar core 
material) were used for this purpose. Comparison with experimentally determined 
characteristics of these systems allowed an appraisal of the strengths and weaknesses of 
the forcefield.
8.4.2: n-Hexane Simulations.
«-Hexane was simulated at various state points. The structural quantities, such as the 
intermolecular pair distribution functions and the intramolecular density distributions 
reproduced the local structure in liquid «-hexane quite effectively. The calculated self­
diffusion coefficients and system pressures were higher and lower respectively than the 
experimental values, indicating that the united atom forcefield used to model the alkyl 
carbons and in particular the 12-6 Lennard-Jones potential was a little too ‘soft’. 
However, the structural qualities of H-hexane were reproduced sufficiently well to be 
confident that the surfactant tail groups, at the very least, would be modelled 
accurately..
8.4.3: Calcite and Aragonite Simulations.
The calcite and aragonite forms of calcium carbonate were modelled using Molecular 
Dynamics at both constant volume and constant stress. The constant volume 
simulations resulted in crystal structures that did not significantly differ from the 
starting configurations taken from X-ray diffraction studies [7,8]. The constant stress 
simulations highlighted some limitations in the forcefield when applied to the aragonite 
structure. The final system configuration produced by the constant stress simulation of 
aragonite showed some significant differences in the crystal structure from aragonite. 
The volume of the simulation cell had increased by a significant amount {ca. 12 %), 
while the carbonate ions had rotated about their carbon centres in the plane of the ion. 
This failing is probably due to the original optimisation of the forcefield, which was 
based on the characteristics of calcite and has a more symmetric local arrangement of 
the ions.
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The aim of these simulations, however, was to assess the suitability of the forcefield to 
the simulation of the mineral core of overbased detergent simulations. In this respect it 
is perhaps more appropriate that calcite is effectively modelled, since the MAS NMR 
spectra and magnetic shielding calculations suggest that the carbonate group of the 
overbased detergents is more like that observed in the calcite structure.
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8.5: Atomistic Simulation of Overbased Detergent Particles.
8.5.1: Model Overbased Detergent Particles.
A set of overbased detergent particle types was simulated using Molecular Dynamics. 
These simulations included overbased phenate, sulphonate, salicylate and calixarate 
systems. Rather than attempt to model specific experimentally synthesised examples of 
these particles, the systems simulated were based on a previously characterised series of 
phenate simulations [1,2] in which the core/surfactant tail ratio of components was kept 
more or less constant. This allowed a direct comparison of the effect of the different 
surfactant types on the structure and shape of the reverse micellar particles.
A scheme was developed to construct the overbased detergent particles with no bias to 
the position of any of the species. This was of particular importance since the strong 
coulombic interactions that bind the surfactants to the surface of the mineral core and 
hold the core together are sufficient to restrict further rearrangement once formed.
The phenate simulation resulted in an oblate spheroidal or disk-like structure consistent 
with the results of previous simulations [1,2]. The sulphonate system formed a roughly 
spherical particle, a configuration that was observed in a previous simulation using 
sulphonate particles as the surfactant in the reverse micellar structure [4]. The salicylate 
particles adopted a spherical structure, similar to that observed for the sulphonate 
simulation. The overbased calixarate system, however, showed a very different micellar 
shape. A prolate spheroidal or tube-like structure was observed, with two calixarate 
particles end-capping a calcium carbonate core. This left a band of exposed core 
material around the ‘waist’ of the particle.
Each of the model overbased detergent systems was also modelled using a purely 
repulsive interaction potential between the alkyl tail atoms and all other atoms. This 
was done in an attempt to mimic the effect of a particle dispersed in a hydrophobic 
medium, which, if successful, would greatly reduce the computational cost of 
simulations compared with an explicitly defined molecular solvent. The ‘attractive’ 
alkyl tail groups caused the surfactant tail groups to fold around the core to a certain 
extent. The repulsive tail units, however, preferred to adopt a conformation that 
minimised tail atom interactions, resulting in alkyl groups that protruded from the core 
surface to a greater extent. This behaviour was more like that observed for alkyl tail
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groups in a previous Molecular Dynamics study of a sulphonate particle that 
atomistically defined solvent molecules [4].
The different surfactant types showed subtly different behaviour at the core interface. 
The phenate molecule penetrated the core to a certain depth, possibly due to the isolated 
and deprotonated phenolic oxygen atoms. This tended to hold the phenate particles 
quite perpendicular to the core surface, possibly helping to form the equatorial band of 
surfactant molecules around the mineral core. The sulphonate molecules were anchored 
to the surface of the mineral core by the trigonal arrangement of the sulphonate 
oxygens. This did not allow the sulphonate molecule to penetrate the core to any depth 
and acted to hold the sulphonate molecules in a perpendicular attitude from the surface 
of the micelle. The salicylate molecule coordinated to the core surface via the oxygens 
of the carboxyl group. Since this allowed the molecule to tilt at the core surface and the 
tail group was situated meta to the carboxyl group, the salicylate molecules adopted a 
very compact structure when attractive tail groups were used. The calixarate particles 
appeared the least tightly bound to the core surface, rather being more loosely 
coordinated via the hydrophilic cavity of the calixarate molecule.
The model detergent particles also proved to have quite substantial dipole moments. 
This is probably due to the amorphous nature of the mineral core, as quite small charge 
redistributions can give substantial dipole moments over the typical core diameter of 
these particles.
The size and shape of the micelles that were observed in the model overbased detergent 
simulations were quantified in terms of the three principle axes of inertia. This may 
prove useful in any future study that requires a quantitative measure of the particle 
shape. For example, it is clear that the mathematical treatment of the Langmuir trough 
experiment requires reformulation to account for the different particle shapes that may 
occur.
8.5.2: Stearic Acid as a Co-surfactant.
The effects of including a co-surfactant on the structures of a calixarate and phenate 
system were studied. The co-surfactant often used to enhance the basic content of the 
overbased detergents is stearic acid, with the stearate ion contributing to the surfactant 
stabilising shell.
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Unlike the model calixarate simulations, the calixarate/stearate structure was 
constructed using the assumption that a single calixarate molecule is present in the 
reverse micelle, and that the ratio of the starting components persists after the synthesis 
procedure. Water and mono-ethylene glycol (MEG) were also included in this 
simulation to study the stability and distribution of these co-solvents. The simulation 
resulted in a large roughly spherical particle, with the majority of the mineral core 
covered by stearate molecules. Simulations using first attractive and then repulsive tail 
groups were performed, with the conformation of the stearate molecules showing a 
much greater sensitivity to the effects of the repulsive tail groups than the shorter 
branched propylene tetramer tail groups. In this situation, the stearate molecules extend 
to a much greater extent, probably due to their long unbranched nature conferring 
greater flexibility to this species. The co-solvent molecules that remained associated 
with the reverse micellar particle proved to be strongly bound to the surface of the core. 
All remaining water and MEG molecules were to be found in close proximity to the 
core interface. The most highly charged portions of the co-solvents tended to 
coordinate with the core surface. In the case of water this was the oxygen atom and in 
the case of MEG these were the hydroxyl groups. This may suggest a reason for the 
persistence of the MEG to remain in the structure after the synthesis procedure. It is 
possible that the MEG molecules help to stabilise the reverse micellar structure by 
covering any exposed core surface. This would present the alkyl portion of the MEG to 
the organic dispersion medium, thus helping the particles to remain dispersed. The 
calixarate molecule appeared to be able to host a single MEG molecule within the cavity 
of the macrocyclic structure. This could possibly indicate the role of the calixarate in 
the synthesis of this class of overbased detergents. Since the calixarate only covers a 
small portion of the total core surface area, it would seem unlikely that the calixarate is 
crucial to the stabilisation of the reverse micelle. In fact, it may be more appropriate to 
think of the stearate molecules as the surfactant and the calixarate as the co-surfactant! 
What is clear, however, is that the calixarate is able to coordinate to both the polar and 
apolar constituents of the reaction mixture. Given this, and its bulky nature, it could be 
that the calixarate initiates the formation of a prototype core, which increases in size 
and is stabilised by stearate molecules as the reaction proceeds.
The phenate/stearate particle was constructed in the simulation by considering the ratio 
of the components, and the probable core size taken from the Langmuir trough 
experiment. The resulting particle was large and roughly spherical, indicating that the
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oblate spheroidal shape of the phenate particle not including a co-surfactant had been 
disrupted. The stearate and phenate molecules appeared to be fairly well mixed, which 
accounts for the disruption of the equatorial ‘band’ of phenate molecules. The particle 
size was assessed by reference to the species resolved density distribution functions and 
gave a particle radius consistent with the experimentally determined micelle diameter. 
Therefore the stearate molecules can have a substantial influence on the shape of the 
overbased particle and contribute to their solubility by minimising the area of ‘exposed’ 
carbonate core.
8.5.3: Overbased Calixarate Particles.
Further calixarate particle simulations were undertaken with system component ratios 
based on the 150 and 350 TBN calixarate systems synthesised in Chapter 2. Two 
systems at each TBN were studied, one which used two calixarate molecules and a 
second which used three calixarate molecules around the mineral core. The end-capped 
prolate spheroidal structure observed from the initial calixarate simulation was repeated 
for both the 150 TBN and 350 TBN systems using two calixarate particles. The 
systems only really differed in the relative size of the mineral core. The systems which 
incorporated three calixarate molecules adopted a different structure, more like that 
observed for the phenate simulations. The calixarate molecules were arranged 
equatorially forming an oblate spheroidal structure. Both the 150 and 350 TBN systems 
showed particle radii that could be considered consistent with the apparent radii derived 
from the Langmuir trough. This suggests that the calixarate system can adopt either the 
prolate or oblate spheroidal conformation and that the systems are probably inherently 
polydisperse, which could account for the poor resolution of the ‘knee’ in the 11-^ 4 curve 
from the Langmuir trough experiment (see Chapter 2). Furthermore, it may be that the 
polydisperse calixarate systems do not pack effectively at the interface, increasing the 
chance of a particle being ejected from the monolayer, thus making the particles appear 
more hydrophobic. This may be an additional reason for the large apparent contact 
angle that these systems exhibit.
8.5.4: The Overbased Core.
The model overbased detergent simulations (Section 5.2) suggested that the surfactant 
geometries govern the structure of the core to a certain extent. Although the results of 
these simulations clearly show different core structures for different surfactant types, it 
should be noted that the mineral cores of these particles are particularly small.
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Consequently, a large proportion of the calcium carbonate molecules will reside at the 
surface of the core, and the surfactant effect could possibly only apply to surface 
species. The calixarate/stearate simulation (see Section 5.3) perhaps gave a more 
appropriate representation of the core structure in commercial overbased detergent 
products. This simulation gave a larger core, which was compared with the structural 
detail of calcite and aragonite suggested that, despite the similarity in the carbonate 
geometry of the overbased detergent particles to calcite, the core structure had more in 
common with aragonite. It is interesting that the calcite carbonate geometry is 
combined with a local calcium carbonate structure similar to aragonite, since it is known 
that supersaturated solutions of calcium carbonate precipitate to form the metastable 
aragonite or vaterite structures [9]. This provides a plausible scheme for the 
development of the core structure. During the overbasing process, reverse micelles 
swollen with a solution calcium hydroxide are carbonated by bubbling CO2 through the 
reaction mixture. This forms calcium carbonate which then precipitates out of the 
solution to form the core, adopting a structure more like the metastable aragonite form 
of calcium carbonate. However, since the core is amorphous, the metastable carbonate 
geometry of aragonite is not stabilised by the crystal structure of aragonite, which 
consequently adopts the highly symmetrical calcite carbonate geometry. The MAS 
NMR spectra presented in Chapter 2 and the ab initio quantum mechanical calculations 
presented in Chapter 3 support this carbonate geometry.
Combining the effect of the surfactant on the core and the calcium carbonate structure 
determined from the calixarate/stearate simulation, a more detailed picture of the core 
may be developed. In addition to the aragonite local structure (for particles with a large 
calcium carbonate core) and the calcite carbonate geometry, the type of surfactant may 
also affect the core structure at the surface. Section 5.2 suggested that multidentate 
surfactants such as the phenate and calixarate molecules created localised regions of 
negative charge in ‘patches’ around the surfactant at the surface. This in turn facilitated 
migration of the calcium cations to the surface of the core to compensate this negative 
charge. The sulphonate and salicylate molecules, however, posses oxygen 
environments at the surfactant headgroup more like that of carbonate anions. The 
surfactants are fairly evenly distributed and do not localise a negative charge at the core 
surface, resulting in a surface structure more like that of the bulk of the mineral core. 
By this argument, it is possible that the stearate molecule will act in a similar manner, 
since the headgroup oxygens are similar to the carbonate ions.
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8.6: Mesoscale Simulations of Reverse Micelle Formation.
8.6.1: Introduction.
Little is known about the general principles governing the self-assembly of the reaction 
components into the reverse micellar structure of overbased detergent particles and also 
the association of these particles. Chapter 6 attempted to study these processes by 
drawing analogues with the well-studied microemulsion systems. Various coarse­
grained simulations of ternary mixtures of water oil and surfactants have been 
performed which allowed access to the behaviour of these systems that are otherwise 
inaccessible to experimental techniques [10-25]. However, little attention has been paid 
to the simulation of these systems with particular reference to phase behaviour. Chapter 
6 used mesoscale Molecular Dynamics simulations to explore the effect of system 
component ratios and surfactant geometry as an analogue to the overbasing process. 
Two areas of interest were studied. The central portion of the three phase diagram, 
where the system component ratios are similar to the calcium carbonate to oil to 
surfactant ratio of the overbased detergent product, and the oil rich portion of the 
ternary phase diagram, analogous to the initial conditions of the overbased detergent 
synthesis. These will henceforward be referred to as the concentrated and dilute 
simulation regimes, respectively. The effect of the surfactant radius of curvature was 
studied by varying the size of the water part of the geminal water-oil surfactant 
structure.
8.6.2: Concentrated Simulation Regime.
The concentrated simulations showed phase separation and self-assembly of the water 
and surfactants into mesoscopic structures. A bicontinuous phase was observed for 
simulations where the surfactants were comprised of equally sized water and oil-like 
moieties. As the water molecules were decreased in size, and the radius of curvature of 
the surfactant molecules decreased and the bicontinuous structure broke up into discrete 
water swollen reverse micelles. The bicontinuous structure was predicted by the ternary 
phase diagram, while it is documented that decreasing the radius of curvature of the 
surfactant (in this case by decreasing the hydrophilic headgroup volume) promotes the 
formation of water-swollen reverse micelles [26,27]. These predictions were confirmed 
in these simulations.
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8.6.3: Dilute Simulation Regime.
The dilute simulation conditions resulted in the self-assembly of water and surfactant 
molecules into a variety of phases, the most common of which was the water-swollen 
reverse micellar phase. For the systems that formed discrete reverse micelles, an 
existing theoretical treatment of the core radius was modified to account for the core 
size behaviour of these systems and a more realistic representation of the surfactants 
volume. This treatment was based upon the ratio of the components, the effective 
volume of the dispersed phase particles and the area the surfactant molecules present to 
the water-swollen micellar core. Not all systems followed this treatment, with 
discrepancies being attributed to the limitations on the number of particles that can be 
effectively simulated imposed by current computational resources, and some of the 
micelles in these systems therefore not being of optimum composition.
8.6.4: Application to Overbased Detergent Systems.
If the ternary microemulsion is a useful analogue of the overbasing process it should be 
possible to predict the mineral core volume from the surfactant geometry and the ratio 
of system components. The microemulsion model used to describe the particle core 
radius can explain the use of stearic acid as a co-surfactant to increase the level of 
overbasing. Since the stearate molecules are comprised of long straight chained tail 
groups and a small surface area either Eq. (6.15) or Eq. (6.20), relating surfactant 
geometry and system composition to particle size, should predict the formation of a 
larger mineral core, and hence a more basic product. Furthermore, the phenate system, 
which has a comparatively small radius of curvature and a large headgroup area, is not 
able to reach the same level of overbasing as the sulphonate systems. This is probably 
due to a smaller maximum core size available to the overbased phenate system as 
predicted by the same theory.
It has been observed that during the production of the overbased detergent systems a 
gel-like structure sometimes forms, which causes the synthesis to fail [28]. These 
simulations have shown that the transition between the bicontinuous and micellar 
structures could be relatively facile. The bicontinuous phase would probably have gel­
like rheological characteristics, and could possibly explain the gel-like states sometimes 
produced during synthesis. The simulations also suggest the possible formation of tube­
like micelles and interconnected reverse micelles. These could also account for this 
behaviour.
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8.7: Theoretical Model of Overbased Detergent Formation.
The theoretical treatment developed in Chapter 6 was applied to a range of documented 
overbased detergent systems. The applicability of the model to overbased detergent 
particles was assessed by the calculation of the surfactant headgroup area from 
knowledge of the particle size and system component details.
The overbased detergent particles of sulphonate and salicylate systems appeared to fit 
the theoretical model, as reasonable and consistent headgroup areas were determined. 
This would tend to suggest that the sulphonate and salicylate particles are indeed 
spherical. The salicylate surfactants appeared to present a larger headgroup area to the 
mineral core interface. This is possibly due to differences in the manner in which the 
salicylate and sulphonate molecules coordinate with the surface of the mineral core. 
Alternatively, the alkyl tail groups of the sulphonate and salicylate, for which there was 
no information available, may differ, effectively changing the area covered by the 
surfactant headgroup. One of the sulphonate systems was based on a magnesium salt as 
the dispersed phase. This system provided a consistent headgroup size, supporting the 
general applicability of this treatment to overbased detergent systems.
An alternate model was developed for the overbased phenate systems, which assumed a 
disk-like core structure. The surfactants were then considered to inhabit the curved 
edge of the disk while the disk faces remained exposed. The surfactant headgroup areas 
proved to be consistent between three systems of different TBN values. The area 
presented to the mineral core by the phenate particles proved to be larger than the 
sulphonate and salicylate molecules. This is appropriate given the dimeric nature of the 
phenate molecule.
Development of an appropriate treatment for the overbased calixarate particles was 
hampered by uncertainties in the actual structure and core sizes of the calixarate 
particles synthesised in Chapter 2.
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8.8: Future Work.
8.8.1: Experimental work.
The importance of overbased calixarate systems could become greater as this new class 
of overbased detergents becomes more widely used. The commercial calixarate 
detergents will undoubtedly make use of stearic acid as a co-surfactant. For this reason 
an effective and reproducible means of extracting the overbased calixarate/stearate 
particles from the base oil is required. This could possibly be achieved by the use of a 
much lighter organic dispersion medium in the synthesis process, which could be 
subsequently removed by distillation. With a stable sample of the overbased 
calixarate/stearate system, conventional particle sizing techniques such as the interfacial 
experiments presented in Chapter 2, Small Angle Neutron Scattering or Small Angle X- 
ray Scattering would provide important information about the composition of the 
particles.
The model calixarate samples could be better characterised by SANS, SAXS or 
microscopy techniques, which would allow a more confident assignment of the particle 
diameters and an appraisal of the particle size distribution. The latter of these two may 
be of key importance in defining the calixarate systems since simulation and 
experimental evidence from this study suggest these particles could be polydisperse.
A reformulation of the mathematical treatment used to treat the Langmuir trough data to 
include scope for various particle shapes would be useful. This may than allow a more 
accurate characterisation of the interfacial characteristics of the phenate and calixarate 
systems, and resolve the currently implausible values for the relative hydrophobicities 
given by these experiments.
The Langmuir-Blodgett film formation experiments showed that deposition of the 
phenate detergents at different surface pressures resulted in varying layer thickness, 
which was used as evidence in support of the oblate shape of these particles. This could 
be established more conclusively by repeating the experiments using particles 
considered to be more or less spherical, such as the sulphonate particles.
The theoretical treatment of the particle radii given in Chapter 6 and further explored in 
Chapter 7 requires a better knowledge of the surfactant headgroup area. This would
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allow the calculations presented in Chapter 7 to be better assessed and a more accurate 
implementation of the theory for predicting the size of the product particles before the 
synthesis proceeds. The surfactant headgroup area can be well characterised by use of 
the Langmuir Trough.
8.8.2: Ab Initio Quantum Mechanical Calculations.
This computational technique proved to be quite useful in determining information 
about the electronic distribution in the surfactant headgroups. Further studies could 
include the optimisation of clusters of calcium carbonate with (or without) surfactant, 
co-surfactant and co-solvent molecules. This should give a more accurate description of 
the core structure and the interaction between the surfactant headgroups and the mineral 
core than can be achieved by even the best atomic interaction forcefield and techniques 
such as Molecular Mechanics and Molecular Dynamics. The calculation of the relative 
acidities helped in deciding the molecular species most likely to be present in the 
overbased detergent particles. This approach could be enhanced to include the affinity 
of the different surfactant headgroups to calcium or even calcium carbonate.
8.8.3: Molecular Dynamics Simulations.
With the ever-increasing power of computers, the Molecular Dynamics simulation 
technique will be able to study bigger system sizes and ever-longer time intervals. 
More simulations on the overbased detergent systems could possibly include the early 
stages of the synthesis process itself, which could be achieved by modelling clusters of 
the starting components such as the surfactants, calcium hydroxide, solvents and co­
solvents, for example. This might provide information about the nature of the reaction 
mixture before the carbonation process proceeds. An investigation into the effects of a 
greater range of surfactant tail structures on the micellar shape and structure may also 
prove useful. This could even lead to ‘tailored’ surfactants that impose specific 
properties on the overbased detergent particles, and help to optimise the surfactant 
structure required to maximise the level of overbasing. The technique could advance to 
the stage when such calculations could be used to suggest possible new overbased 
systems suitable for synthetic investigation, providing the first steps towards the rational 
design of such commercial products.
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8.8.4: Mesoscale Simulations.
The mesoscale simulations presented in this thesis proved to be useful in highlighting 
the importance of surfactant molecule shape in governing the self-assembly of the 
overbased detergent chemical components. Further simulations could include more 
complex surfactant structures approaching that of the actual surfactants used in the 
synthesis of overbased detergents. This may also help in determining an optimum 
surfactant structure and also the effect of surfactant structure on the shape of the 
micelles as they self-assemble. Such calculations could also be used to calculate the 
flow and rheological properties of such systems, which could be of relevance to engine 
performance. More emphasis could be paid to developing a more appropriate 
interaction forcefield without becoming too complicated and losing the computational 
advantages of this technique.
8.8.5: Concluding Remarks.
The research presented in this thesis was aimed at providing an improved understanding 
of the overbased detergent systems that are used extensively as part of automobile and 
ship engine oil formulations. The new generation of commercially important calixarate 
compounds was the main focus of interest in my work. This scientific investigation 
required that I learn a wide range of experimental, computational and theoretical 
techniques, which provided a challenging yet rewarding experience.
Although commercial interest in these systems by the oil industry was the underlying 
driving force for this research, they provided an academic challenge to investigate 
(mainly due to their awkward size). These systems fall well within the now fashionable 
class of ‘nanoparticles’, which require newly developed techniques for their study. 
Consequently, these particles may be considered ‘state-of-the-art’, with many intriguing 
questions about them being as yet unanswered.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Errata
Page 1. From “1.4: Aims of the Research.” the contents of the chapter should read: 
1.4: Nanoparticles.
1.5: Aims of the Research.
1.5.1: Calixarates.
1.5.2: Two-Stage Synthesis.
1.5.3: Commercial Overbased Detergents.
1.5.4: Molecular Dynamics Simulations of Individual Micelles.
1.5.5: Mesoscale Simulations of Micellar Self-Assembly.
1.5.6: Conclusion.
1.6: References.
Page 7. The line beginning “The diesel fuel has a high sulphur content (typically 5%) 
....” should read:
The diesel fuel has a high sulphur content (typically 0.5%) ....
Page 10. Caption from Reaction Scheme 1.1 should read:
Reaction Scheme 1.1: The acid base reaction used in the formation of neutral detergents. R is 
typically a long chain acidic group, e.g. R-COO'. M is typically calcium, but may also be barium, 
sodium, potassium or zinc.
Page 12. The line ending “..... , with an amorphous core suggested by EXAFS [13].”
Should read:
...., with an amorphous core suggested by Extended X-Ray Absorption Fine Structure 
(EXAFS) measurements [13].
Page 27. The line ending " Ca02 [7,8] and Mg, Ca, Sr and Ba Methylates [9,10]"
should read:
 CaO [7,8] and Mg, Ca, Sr and Ba Methylates [9,10].
Page 49. Caption for Figure 2.15 should read:
Figure 2.15: Diagram showing the collapse of the stearic acid tails as the micellar species are forced 
together by the reduction in surface area of the Langmuir trough.
